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GERMAN STEPANOVICH ZHDANOV 
(On His Fiftieth Birthday) 


G. S. Zhdanov was born in Leningrad in 1906 
into the family of a journalist. In 1930 he finished 
at Moscow University, having specialized in x-ray 
studies. 

The first period of Zhdanov's scientific work 
was connected with a study of the statistical aniso- 
tropy of polycrystalline metals and alloys. He de- 
veloped a method of studying textures with the aid 
of pole figures, and in 1929 set up a texture goniom- 
eter which enabled a single Debye line to be sepa- 
rated out from the x-ray diffraction picture of a poly- 
crystalline specimen and to be developed into a pole 
figure. In the Tsgintsvetmet Laboratory, Zhdanov 
used this apparatus to study rolling texture and re- 
crystallization in aluminum, copper, and a number 
of their alloys. For convenience in studying the un- 
usual x-ray photographs obtained in the texture 
goniometer, he developed a special net enabling the 
x-ray picture to be transformed into the ordinary 
stereographic projection. In the monograph "Study 
of crystal orientations in metals and alloys by 
means of pole figures" (1934), Zhdanov gave a de- 
tailed review of the characteristics and experiment- 
al precision of the method of pole figures and its 
application. The principle of a texture goniometer 
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analogous to that of Zhdanov was independently pro- 
posed at the same time by Kratky in Austria and in 
1948 the same apparatus was constructed by 
Wooster in England. 

As well as studying deformation texture, 
Zhdanov made x-ray diffraction studies of working 
recrystallization and selective recrystallization in 
metals and alloys, which demanded the development 
of a method of determining the number and size of 
crystallites with sizes from a few microns to a 
tenth of a millimeter. This method, developed to- 
gether with V.I. Iveronova, was based on counting 
the number of interference points on the Debye line. 
This number, equal (to a first approximation) to the 
number of crystallites per unit volume, is propor- 
tional to the cube of the mean linear dimension of 
the crystallites; thus, a change in the crystallite 
dimensions of ten times should produce a change in 
the number of points on the Debye ring by a thou- 
sand times. This method has found wide application 
in Soviet and foreign investigations. 

From 1938 began a new period in the scienti- 
fic activities of G.S. Zhdanov; this was associated 
with his work in the L. Ya. Karpov Physicochemical 
Institute and was devoted to the atomic structure of 
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crystals. The work embraced various types of com- 
pound: inorganic (carbides, cyanides, rhodanides, 
borides, oxides), organic (nitrogen and halide de- 
rivatives of naphthalene and benzene, organic dyes), 
metallo-organic, intermetallic, etc. 

The work of Zhdanov and his colleagues on 
the structure of crystalline substances was, in the 
majority of cases, completed by an exact determina- 
tion of the positions of atoms and the establishment 
of the atomic structure of compounds which were 
sometimes completely new and synthesized for the 
first time (ozonides and superoxides of alkali 
metals). They also solved such complex structures 
as that of boron carbide, a large number of differ- 
ent rhodanides, cyanides, metallo-organic com- 
pounds such as tetra-aryl and tetraphenyl com- 
pounds of silicon, tin, lead, etc., and discovered 
the superperiodicity and polytypy in the structures 
of silicon carbide and potassium ferrocyanide. Ina 
number of cases the structural investigations re- 
sulted in the refinement or modification of proposed 
chemical formulas and the detailed structure of in- 
dividual structural elements. 

German Stepanovich employed structural and 
crystal-chemical methods to elucidate the structure 
of individual radicals and atomic configurations as- 
sociated with the directional properties of the bonds. 
He made a detailed study of the directional charac- 
teristics and multiplicity of bonds and their depend- 
ence on various states of the atoms. A leading 
place in Zhdanov's work is taken by analysis of the 
intermolecular interaction of atoms based on the 
theory of the chemical structure of molecules. The 
concept of the intermolecular radii of atoms of non- 
spherical form developed by Zhdanov and other 
Soviet scientists introduced a correction to the data 
of x-ray analysis in the part based on the analysis 
of intermolecular distances. Systematic studies of 
compounds containing polyatomic groups led to the 
establishment of laws significant in the crystal 
chemistry of both simple and complex inorganic 
compounds. The structural studies of Zhdanov are 
usually associated with departments of chemical in- 
stitutes (REA, NIUIF, GIAP, etc.), and with the 
demands of the chemical industry. 

The requirements of practical applications 
(namely, the metallurgy of titanium-containing ores) 
also led to his work on the synthetic mineral anoso- 
vite and certain other titanium compounds, result- 
ing in the assignment of the formula Ti30; to anoso- 
vite and confirmation of the existence of this inter- 
mediate oxide, the search for which had lasted a 
hundred years. Complete solution of the structure 
of anosovite showed that its peculiarity lay in the 
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variable valence of titanium. The existence of an 
isomorphic group of oxides with the structure of 
anosovite was also established. 

In recent years, Zhdanov has given great at- 
tention to the study of the structure of substances 
with special physical characteristics, in connection 
with the problem of synthesizing materials with as- 
signed properties. Studies on the structure of fer- 
roelectrics and piezoelectrics have been carried on 
in close association with the Institute of Silicate 
Chemistry of the Academy of Sciences of the USSR, 
and institutes and laboratories of the Ministry of the 
Radiotechnical Industry, and work on the structure 
of superconductors with the Institute of Physical 
Problems. 

In recent years, the existence of supercon- 
ducting alloys obtained from nonsuperconducting 
elements has been revealed. A particularly large 
number of such compounds has been found in alloys 
of bismuth. Zhdanov and a number of colleagues 
(Moscow Engineering-Physical Institute, Physics 
Faculty of Moscow State University), in contactwith 
the Institute of Physical Problems, investigated the 
phase diagrams, phase composition, and structures 
of compounds of bismuth with nickel, rhodium, pal- 
ladium, etc. The crystal chemistry of compounds 
of the transitional metals with elements of the B 
subgroup was considered, the laws of isomorphism 
and morphotropy in this group of compounds eluci- 
dated, and a diagram constructed to illustrate the 
crystal-chemical laws of morphotropy, polymorph- 
ism, and homology as functions of thermodynamic 
parameters (concentration, temperature, etc.). X- 
ray data have explained a number of questions im- 
portant in superconductivity: the separation of 
superconducting and nonsuperconducting compounds, 
possible reasons for shifts in the temperature of 
the transformation into the superconducting state in 
compounds of variable composition, etc. 

Zhdanov has carried out a number of investi- 
gations of the methods used in structural studies. 
He introduced the concept of the F? field and x-ray 
group, and (together with V.A. Pospelov) set up 
rational tables for determining such groups; these 
have been widely used. 

The study of silicon—carbide modifications 
showed that they were all constructed on the close- 
packed law and consisted of stacks containing two or 
three layers of tetrahedra. For the description of 
this kind of structure, Zhdanov introduced the con- 
cept of a numerical symbol which made it easy to 
solve the structure of a number of forms of SiC and 
show that they all developed as a result of the super- 
position of a regular growth fault on the main perio- 
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dicity, this consisting of the missing or adding of 
an extra layer of tetrahedra. The existence of new 
types of silicon carbide was also prediced. The 
numerical symbol was accepted by many workers 
and entered into Soviet and foreign x-ray literature. 

In 1947, Zhdanov received the Bach prize for 
the best work in physical chemistry. In 1952, he 
received the Mendeleev prize for work on the crys- 
tal chemistry of metal rhodanides. 

Zhdanov's scientific work continually goes 
hand in hand with teaching, which began in 1930, 
when, with his participation, Moscow State Univer- 
sity acquired a Faculty of X-Ray Structural Analysis 
headed by S. T. Konobeevskii. Zhdanov read lec- 
tures on a generalcourse of physics in the Military 
Academy and the Physics Faculty of Moscow State 
University, on x-ray diffraction, metal physics, and 
solid-state physics in Moscow Engineering- Physical 
Institute, where he set up a Faculty of Metal 
Physics, and in the Physics Faculty of Moscow 
State University, where at the present time he oc- 
cupies the Chair of Solid-State Physics. 
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Zhdanov has written a university course on 
The Fundamentals of X-Ray Structural Analysis 
(1940), and the two-volume X-Ray Diffraction of 
Metals, created together with Ya.S. Umanskii for 
metallurgical high schools; this has had two edi- 
tions (19387 and 1941). These courses formed hand- 
books for students, graduates, engineers, and sci- 
entific workers in the field of x-ray analysis, and 
have not lost their value to the present day. Zhdanov 
taught a large number of x-ray diffraction workers, 
students, graduates, and those from the scientific- 
technical sphere working at the universities and 
scientific-research institutes of many cities in our 
country. 

G.S. Zhdanov has taken part in all the All- 
Union Congresses on the use of x rays in the USSR. 
At the present time, he is the President of the X- 
Ray Commission of the Academy of Sciences of the 
USSR, which is occupied with coordinating work on 
x-ray diffraction being carried on in the Soviet 
Union. 
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The product of ionic volume and charge is shown to be constant, and this is used to deduce 


the ionic radii of the transuranium elements in various oxidation states. 


It is shown that 


the metallic and covalent radii for these elements can be deduced similarly. 


Introduction 


Zachariasen [1] has considered the chemical 
crystallography of the transuranium elements; data 
have also been published [2] on the sizes of the 
atoms in various oxidation states for protoactinium, 
uranium, neptunium, plutonium, and americium. 
No lattice-parameter measurements on other actin- 
ides (5 f elements) are known, and a theoretical 
means of deducing them is thus desirable. 

An ideal ion [3] is a particle with electron 
shells of inert-gas type subject toa simple "equation 
of state" analogous to the isotherm for an ideal gas 


[4]; this can be used as the basis for such estimates. 


This equation has been verified mainly on isoelec- 
tronic series, but there are many different states 
of oxidation in the transuranium elements, which 
also have very large numbers of electrons, so these 
elements individually form a good test. A verifica- 
tion for ions not of the inert-gas type would enable 
one to use the equation for approximate evaluation 
of radii in the ionic, metallic, and covalent states, 
and for various degrees of oxidation. 

Here we have to make some major restrictions 
and reservations. Ionic radii may be ascribed only 
to compounds dominated by heteropolar bonds and 
having strictly defined coordination numbers, but 
even in these cases the deviations from additivity 
are such that the errors cannot be less than +0.03 
A. In particular, an ion of charge “4 and above 
"pseudo-ions" cannot properly be treated as an ef- 
fective sphere with a charge equal to the valence. 
We have discussed these features in some detail 
previously [4], but they must be stressed here be- 
cause they are of considerable importance, espe- 


cially in view of recent progress in theoretical 
chemistry. 


In spite of this, there have recently been sev- 
eral formal treatments of radii, including those of 
ions with high charges, and the results have been 
quoted with limits of error quite incompatible with 
the observed deviations from additivity. Van Arkel 
[5], followed by Moeller [6] and Bokii and Belov [7] 
have used sizes for cations of charges +1 to +7, while 
Ormot [8] has calculated ionic radii for +4 and above, 
including +6. Moeller and Kramers give radii to a 
few thousandths of an angstrom [6], while Temple- 
ton and Dauben [9] give systems of radii for Me** to 
0.001 A in the rare-earth elements on the basis of 
1.380 A for the ionic radius of oxygen. The latter do 
point out that even the second decimal place is 
somewhat doubtful, but claim that the third is of 
value in comparisons; they consider the main ap- 
plication of radii to lie in the correlation of thermo- 
dynamic parameters. It would seem that all this is 
justified by the fact that such estimates are of great 
practical value,although the quantities have no 
proper physical significance. Good examples of the 
applications are provided by the work of Zachariasen 
[1] and Seaborg [2], in which the chemical crystal- 
lography of the transuranium elements has been ex- 
plored. 


This also forms the basis for the present ex- 
tension of these calculations to the atoms and ions 
of the elements from americium to mendelevium, 
inclusive; but great care mustbe taken with respect 
to the accuracy and applicability in particular in- 
stances. 
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DIMENSIONS OF TRANSURANIUM CRYSTAL ELEMENTS 


Cation Radii for the 5f Elements 


(a) Relation of Ionic Volume to 
Charge. The ionic volume v is inversely pro- 
portional to the ionic charge 7n for eight-electron 
cations of inert-gas type. We have a simple rela- 
tion analogous to Boyle's law 


v X 7 = const (1) 
which agrees satisfactorily with the known experi- 
mental evidence. The constant in (1) may be found 
empirically or from 


4 
const = = = (lg m)°, 


(2) 


in which m is the total number of electrons in the 
cation. 

This has previously been verified for isoelec- 
tronic particles; here we apply (1) to the ions of 
each actinide element separately and examine the 
relation of volume to charge. 

The following are some possible criticisms of 
the calculations given below: 

1. Equation (1) isof simple form and cannotbe 
supposed to give exact results even for the ideal 
ions for which it was proposed; it is even less exact 
for the transuranium cations, because only a fewof 
these (e.¢., Ac®*) are of the inert-gas type, while 
most of them (e.g., Am*", Cm*) are particles of 
irregular configuration (Forster and Moeller [6]). 
We cannot foresee how far deviations from ideal 
structure will affect the calculation of particle size. 

2. Equations (1) and (2) imply that this relation 
of volume to charge should apply if the number of 
electrons is constant, i.e., for isoelectronic sys- 
tems; but the different ions of a single element are 
not isoelectronic. This feature is clearly important 
for elements at the beginning or middle of the 
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periodic table, but it is of no practical significance 
for those at the upper end (transuranium elements), 
because any change in the number of valence elec- 
trons is small relative to the total number. The 
following example illustrates this. The variation in 
the number of electrons around the mean value has 
very little effect,on vn for americium, because (2) 
shows that this product is proportional to the log- 
arithm of that number, not to the number itself. The 
variation in the number associated with the states of 
oxidation is 


Am?* — Am** —> Am%* 


93 <— 91 —- 89 


i.e., +2; Eq. (2) gives us the possible variation in 
the constant as 


const = 31.5--0.5,1e., + 1.5%. 

But (see below) we cannot expect an error less than 
about 4% from this relation, so the deviations from 
isoelectronic configuration have no effect for the 
transuranium elements. 

The calculations are thus of some interest, but 
they are still based on (2), which is correct only for 
8-electron cations; any final judgment must thus be 
based on empirical evidence. 


The above discussion suffices to show that ex- 
periment alone can give a final answer on the pos- 
sible practical use of (1) for the transuranium ca- 
tions; similarly, only experiment can decide 
whether Boyle's law applies to a real gas in a par- 
ticular pressure range. 

The experimental evidence is derived from x- 
ray examination of the fluorides of the elements 
from protoactinium to americium (Zachariasen). 
His scheme for the ionic radii differs from Gold- 
schmidt's system [10], which we have used in pre- 


TABLE 1. Product of Charge and Volume for the Cations of Some Transuranium Elements 


Element Protoactinium Uranium Neptunium 
Valence (7) D 3 4 5 ® 2 4 5 6 2 3 4 § 6 
Volume (v) | (7.44)] 4.85] 3.71] 3.05 (QOD) ass eer SG PO Grol ZS Sas eset 
Product (v7 )| (14.88)] 14.55 14.84 15.25 (18.85)| 13.74 [13.48] 13.80] 14.40 (13.52) 12.98 13.04 14,25 | 13.86 
Mean (vn) 14.88 + 3% 13.85 + 4% 13.52 + 5% 

Element Plutonium Americium 
Valence (7) 2 3 4 5 2 3 4 5 6 
Volume (v) | (6.49) 4,19 3.05 2.76 (6.27) 4.06 2.95 2.66 2.14 
Product (vn) |(12.97) 12.57 12.20 13.80 (12.54) 12.18 11.80 13.30 12.84 
Mean (vn) 12.97 + 6% 12.53 + 6% 
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Fig. 1 


vious papers [3,4], and which has a constant incre- 
ment. The conversion is a simple matter, but we 
have not carried it through, because it is of no 
great importance and because our interest is in the 
extrapolation of Zachariasen's evidence, which ap- 
pears adequate for the purposes of comparisons. 

Table 1 gives the ionic volumes calculated from 
the usual formula 

ie “part (3) 
with Zachariasen's [1] ionic radii, together with 
the product of this by the charge and the mean of 
this product. The means have been used to deduce 
the closest extrapolated values for the volumes of 
doubly charged ions, and hence the radii of these 
(quantities in parentheses). 

Figure 1, parts a-e, shows that all points fit 
satisfactorily on rectangular hyperbolas, whose 
diameters are represented by the broken lines. The 
data of Table 1 show that there is no systematic 
trend in the deviations from the mean of v7 within 
each hyperbola, and the largest deviations (+6%) do 
not exceed those found for ideal ions [4]. These 


ions thus obey the simple relation previously esta- 
blished. 

(db) "Calculation-of Tome, wadri rom 
Americium to Mendelevium. There is no 
reason to suppose that vn = const ceases to apply 
above americium, so it could be used to find the 
ionic radii of these elements in their various states 
of oxidation if we had a reliable means of extrapola- 
tion for the radii (i.e. , volume) for some one state. 
This is actually so, because the trivalent state has 
been examined in great detail, and here the ionic 
radii differ from those of the lanthanides by a con- 
stant amount, except for the first members, urani- 
um and neodymium, the radius of the former being 
1.03 A and of the latter 0.99 A, with difference 
0.04 A. The difference for all the others is exact- 
ly 0.08 A (Fig. 2), and this increment! may be used 


1Haissinsky [13] pointed out that the elements from curium onward 
are analogous to the rare-earth elements (gadolinium onward); this 
has been confirmed [14], and the elements have been called trans- 
curium ones, This also confirms that it is correct to draw the line 
in Fig, 2. 


DIMENSIONS OF TRANSURANIUM CRYSTAL ELEMENTS 


Actinides 


Lanthanides 


U Np Pu Am Cm Be Cf E Fm Md 
Nd Pm Sm fu Gd Tb Dy Ho Er Tm 


Fig. 2 


to find r for Me*’ for the elements from americium 
to mendelevium by reference to the precisely known 
radii of the lanthanides, in accordance with the con- 
cept of the "curides" (Haissinsky, 1953), 

The calculation is, of course, based on the ac- 
ceptance of the transuranium elements as actinides, 
which resemble the lanthanides. This might subse- 
quently be found to be untrue, in which case this 
method of evaluating the ionic radii would become 
valueless. 

From r (i.e., v) for the Me** we find the con- 
stant in (1), which may then be used to find r and v 
for all the other 5f elements (Table 2). The upper 
part of this table (and of the following ones) gives 
Zachariasen's results, except for the values in 
parentheses (for the +2 state), which are ours; the 
lower part gives our results. 


Atomic Radii Corresponding to Metal- 
lic Bonds for the 5f Elements 


(a) Constancy of vn for the Metal- 
lic State. We have previously [4] considered 
the applicability of (1) to metals on the basis of 
data for temperatures near absolute zero, the num- 
ber of free electrons being taken as equal to the 
maximal stable valence of the element. The num- 
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TABLE 2. Ionic Radii of the 5f Elements in Their Various Valence 
States 


Radius (A) Bedi A 

Youlene een adius (A) for ions of charge 

of charge 2+ 3+ 4+ 5+ 6+ 
91 Pa (1.21) | (1.05) | 0.96 0.90} — 
92 U (ise VikOs |" 0,93 0.89] 0.83 
93 Np (17) ale Odi ORO? 0.88] 0.82 
94 Pu (A516) | mete 00s (0290 0.87| 0.81 
95 Am (1.14) | 0.99 | 0.89 0.86] 0.80 
96 cm Tall 0.97 0.88 0.82] 0.77 
97 Bk 1.09 0.95 | 0.86 0.80] 0.75 
98 Cf 1.08 0.94 | 0.85 0.79] 0.74 
99 E LOS 0.92 | 0,84 0.78] 0.73 
100 Fm 1.03 0.90 | 0.82 0.76] 0.72 
101 Md 1.02 0.89 | 0.81 0.75| 0.71 


ber of electrons may vary with the conditions, so 
it is of interest to examine the constancy of v7 for 
a given element in the metallic state for various 7, 
i.e., for various numbers of free electrons in the 
lattice. Zachariasen gives the relevant data (for 
uranium to americium) in [2]. Table 3 gives the 
volumes calculated from (2), the valences (or 
charges), and the product of these. 

This product is seen to be constant for the ele- 
ments from uranium to americium, and (most im- 
portant) it is more closely constant than for ionic 
lattices, for the deviations from the mean do not 
exceed 4%. Parts a-d of Fig. 3 show that the 
points fit the hyperbolas closely, so (1) may be 
considered justified for the transuranium elements 
in the metallic state. 

(b) Calculation of Atomic Radii 
from Americium to Mendelevium. These 
radii may be found by a method analogous to that 
used above for the ionic radii; the data (Table 4) 
show that the radius of the atom or ion decreases 
by 0.01 A as Z increases by one unit in the 5f ele- 


TABLE 3. Product of Charge and Volume for the Atoms of Some Transuranium Elements 


Element Uranium Neptunium 
Valence (n) (2) 3 (2) 3 4 5 6 
Volume (v) | (44,55) | 29.65] 22.07 | 17.48 (48,015) | 28.28} 21,31 | 17:16) 14.74 
Product (vn) | (89,10) | 88.94] 88.27 | 87.40 (86.03) | 84.84} 85.25] 85.79] 88.27 
Mean (vn) 89.10 + 3% 86.03 + 3% 

Element Plutonium Americium 
Valence (n) (2) 3 4 5 6 (2) 3 4 5 6 
Volume (vy) | (41.73) | 26.95] 20,58 | 16.84 |14.42 | (40,82) | 26.10 | 20.22] 16.52} 14.14 
Product (vn) | (83.47) | 80.86] 82.32 | 84.20 |86.52 | (81.65) | 78.29 | 80.88] 82.61] 84.82 
Mean (vn) 83.47 + 4% 81.65 + 4% 
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Uranium 


Americium 


Fig. 3 


ments, except for neptunium, where the reduction hence r, for the various valence states, as for the 
is 0.02 A. We assume that this relation applies to ionic radii (Table 5). 

the elements from curium to mendelevium, inclu- 
sive, which gives us the atomic radii for the tri- 
valent transuranium elements for which data are 


Covalent Radii for the Transuranium 
5f Elements 


lacking. The covalent radii are less than the atomic 
The volumes are found from (3), and from radii by 0.11 A (to 0.01 A) for all known degrees of 
these the constant value of v7; this gives v, and oxidation; this simple rule applies without exception 


TABLE 4, Radii of Me** for theTransuranium Elements, Coordination Number 12, with Radii 
for the Metals from Uranium to Curium from Seaborg [2] and Ionic Radii for Table 2 


Element 


SS VatOriia Tion 


Radius of atom,A 


DIMENSIONS OF TRANSURANIUM CRYSTAL ELEMENTS 


TABLE 5, Atomic Radii of the 5f Elements Corresponding 
to Coordination Number 12 (Metallic Bond) 


tomi ij 
Hiern ent Atomic radii (A) for state 


De Loe 4+ 5+ | 6+ 
Pa - ~ 1.76 1.63 - 
U (2.20) 1.92 1.74 1.61 1.54 
Np (2.17) 1.89 ie 1.60 1,52 
Pu (2:15) 1.86 1.70 1.59 ils sonk 
Am (219) 1.84 1.69 1.58 1250 
Cm 2.07 1.81 1.64 pipe 1.44 
Bk 2.04 1.78 1.62 1550 1.41 
Cf 2.01 1.76 1.60 1.48 1.40 
E 1.98 1.73 157 1.46 Tat 
Fm 1.95 1.70 1.54 1.43 ees 
Md 1.92 1.68 1653 1.42 1.38 


to the transuranium elements, as Zachariasen's 
data show (Tables 5 and 6). The fixed increment of 
0.11 A gives the covalent radii listed in Table 6. 
Only the +4, +5, and +6 states have been considered, 
because there is no proof that the increment applic- 


able to these remains the same for larger orsmaller 


charges. An exception to this is our calculated point 
for U** in Fig. 4. 

The data on the covalent radii are too limited to 
give an extensive test of (1); the known range in 
charge (+4 to +6) is narrow, but (1) is followed very 
closely in this range, as Fig. 4 shows for uranium. 

The errors in these calculations are governed 
mainly by the basic assumption in the extraplation, 
namely,the degree to which the transuranium ele- 
ments show the properties of actinides. Equation 
(1) is very convenient for evaluating r, because (2) 
shows that substantial variation in v leads to very 
little change in r. 
tion arising from the use of (1) is such as to indi- 
cate limits of error of 0.03 A for the radii. 

An interesting point is that (1), which states 
that the mean density of the electron gas in an atom 
or ion is proportional to the charge, is obeyed al- 
most as closely as are the gas laws. For instance, 
the product vp for nitrogen varies by less than 1% 


The maximum error of extrapola- 
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TABLE 6. Covalent Radii for Single Bonds in the 5f Elements 


Covalent radius (A) for state 


4+ 5+ 6+ 
1,67 = = 

1.64 1,52 = 

1.62 1,50 1.42 
1.60 1.49 1.41 
1.58 1.48 1.40 
1.57 1.47 1,39 
1.53 1.42 1.33 
1.51 1,39 1.30 
1.49 1,37 29 
1.46 1.35 1.26 
1.48 182 1.24 
1,42 1,31 1322 


between 1 and 40 atm at 15°C [11], while the varia- 
tion for air is only 2%. Contrast the behavior of 
the osmotic pressure 7, which for typical nonelec- 
trolytes (e.g., glucose) in classical physical chem- 
istry formed one of the principal tests of Van't 
Hoff's theory; the product vm at 0°C may (Berkley 
and Hartley) vary by 15-20% [12]. The electron 
system in an atom or ion is extremely complex, 
and the concept of mean electron density is merely 
a convenient fiction, but here the ideal law vn= 
const is followed to within 4-6%. 


Conclusions 


1. The simple law vn = const (v = volume of 
atom or ion, 7 = charge or valence) is discussed in 
relation to the transuranium elements. It is found 
that Zachariasen's results confirm this law forions, 
atoms in metals, and covalent bonds. 

2. The law vn =const is used to extrapolate 
the data given by Seaborg,to ionic, metallic, and 
covalent radii of other transuranium elements; 
radii have been calculated for curium, berkelium, 
californium, einsteinium, fermium, and mendelevi- 
um in various states of oxidation. 
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The relation of polarization to field strength and temperature is considered for points 


above and below the transition temperature. 


hysteresis loops. 


Hysteresis in barium titanate is of considerable 
importance but it has not been studied in detail. A 
fairly detailed study of hysteresis has been made 
for the case in which the transition to or from the 
ferroelectric! state may be considered as a second- 
order transition [1, 21,° but some experiments indi- 
cate that the transition in BaTiO; is a first-order 
one. Some brief notes on hysteresis have been pub- 
lished [3] for this case; but the effects are then 
more varied, and they occur above and below the 
point of transition from phase I to phase I. The 
hysteresis curve takes a special shape above the 
transition temperature; double loops [4] are ob- 
tained. 

Consider a temperature range embracing 
phases I and II, the electric field vector E being di- 
rected along the vector Pp; then the expression [5] 
for the thermodynamic potential 


@ = Dy + xP? + + BP! + B (PRPS + PEP? + PRP2) 


+ EP + ta (Pe (Pi + P2) + Py (P+ P2) 


3 


+ Pi (P24 P2)] +73 P2PyP? — (PE) 


may be simplified by putting P,. = Py =0, PR=P, 
after which it becomes 
= d+ «RP? + : 6,P* + : 7, P§ — PE. (1) 


It is convenient to examine hysteresis by refer- 
ence to the following two cases: (1) 8;(T) > 0, and 
(2) 8y(T) <0, where T is the temperature at which 
the P(E) curve is recorded. Let Ty) be the tem- 
perature of transition from phase I to phase II; then 
we have a second-order transition if 6; > 0 for T> 


An exploration is proposed for double 


Ti. (if E = 0), because df;/dT < 0 [7], and the con- 
dition B;(T) > 0 implies that also B,(Ty.) > 0. Con- 
versely, the I-II transition is of first order if B; < 
O tie As Ti. 


Cage £,4(7) 22.0 


Here y, is positive [5,6], so we may introduce 
the dimensionless polarization p, 
a By 
Same, fa? (2) 


and put (1) in the dimensionless form 


at 


O—M, oY les o. bien’ 7 
a e3 Aap ear 2 La ® ps ils pL. (3) 
The dimensionless field e is defined by 
vii? 
E = 2e, 
Bis : (4) 
and we put 
ee 
By (5) 
The final expression is 
cathe 4 : 
Pi Gpt image pt eye pie Spey (6) 
The condition for a turning point in ¢ is 
Pb Pep = e, (7) 


'The paraelectric and ferroelectric phases are denoted as phase I 
and phase II, respectively. 

*This is necessary in order to allow us to stop the expansion of the 
potential in powers of P at terms of fourth degree. 
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and the type of turning point is governed by the sign 
of 


Fe = 2+ 6 p? +10 pt. (8) 


For — > 0, we have & g/dp* > 0 for any e, so 
— > 0 gives the solution to (7) as corresponding to 
a minimum, which exists for all e. This, in 
the approximation to which fluctuations are neg- 
lected, means that hysteresis is impossible for é > 
0; but (5) shows that —€ > 0, in conjunction with the 
positive sign of y;, is equivalent to @ > 0, so hys- 
teresis is impossible for T > Typ. 

It is best to put (8) in the following form for 


& < Op 
{ 3 V co. 5 
2 Suet St 
\ AG 100 of 5 
no 3 Wee 9 aN 
“s ly ae NG) a> 


(9) 
Then (9) shows that a minimum in ¢ corre- 
sponds to the p that satisfy 
Pe ye (10) 
in which 
rgd 9 E 
US erunmers: (11) 


The origin of the hysteresis has been elucidated 
[1,2]; p(p) for the e = 0 is a symmetrical curve with 
two minima, but ~(p) for e > 0 has the right-hand 
minimum deeper than the left-hand one, which va- 
nishes (together with the intervening maximum) at 
e= lex I, which corresponds to a p = p, given by 


ae 
oe 


at which point &y /dp* is zero. 

The condition for a minimum in ¢ may be put 
in a different form convenient for graphical exami- 
nation. 

We take e as a function of the extremal p in- 
stead of as a given quantity’; then from (7) we have 


(12) 


0-@ ao de (p) 


Op Ops (13) 
Condition (10) is thus equivalent to 
de (p) 
Op ao, (14) 


while (12) is equivalent to e/ 8p = 0 (or Op/de =~).4 
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We solve (7) graphically to find p(e) for a given 
&; for this purpose we put (7) in the form 


p+ p? =e— ps, (15) 


construct the curve y = p +p%, and locate the inter- 
sections with the straight lines y=e-—pé (Fig.1). 
Large positive e (line 1) give only one value of p 
corresponding to minimum 9g; e and p decrease to- 
gether, because 8e/dp > 0. Ate =|e,| the line 

e —pé meets the right branch of p° +p? and is tan- 
gential to the left branch (line AB). Lower e give 
three points of interesection (line 2), the middle one 
corresponding to a maximum in ¢ and the two end 
ones toa minimum. For e=e, < 0 (line CD) the 
straight line touches the curve at the p = p;, defined 
by (12), and dp /de becomes infinite. Further re- 
duction in e gives only negative p, i.e., ones on the 
left-hand branch (line 3). The hysteresis curve has 
a width 2le;,|, and is defined by 


) 


( me Nee if Ea NS ey Zell 3 jj2 
ox =("— Fr) ae ia) Le (9 10) : 


Formula (16) also relates the width to the tem- 
perature; it may be simplified near the Curie point, 
where |é |< 1, and 


(16) 


) dn 


AON ae 


4 


Taking only terms up to e¥ 2 we have 


oF ncalay yagi ot (17) 


| 
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Each extremum has its own e(p) if there are several. 


4The condition for the minimum to vanish has been used in this 
form in [2]. 
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Finally, in terms of variables of direct physical sig- 
nificance? 


| A 
: 3V°3 Vie (18)? 
Gase B4(T) < 0 
Here p is defined by 
weer, abe 
ni v1 By (19) 
and (1) is put as 
D—D,_, i fl %. 
G= Sa fe ieesao pe ep — 2pe. (20) 
1 
Also, € has the same meaning as before, and 
2e= 4 - 
(—p)) (21) 


The turning points in ¢Y(p) are now found from 


pe — jie =e == e, (22) 
and the type of turning point is governed by the sign 
of 


oe 


=10p—b p42. 


Op? 


(23) 


For &> Hoss we have 0°0/ap > 0, so hysteres- 
is is impossible for & > po. 
For & < *4o, we put (23) as 


WI Tes ; a = 1 aa 
in = 10 (p? aay oP V mw $3) 
, 3 / 9 ive 

G 10 at TOO 5 i). 


We again introduce 7 from (11) and put the condition 
for a minimum in ¢Y as 


(ap Beers 2 % a i) 
a a en i Eh) 


(24) 
Then (24) shows that g has a minimum when 
3 3 
P> ap +7 and p< Gy 9- (25) 


Also, p’ in the range *4,-—7 < p’ < *%4)+7 corre- 
sponds to a maximum in ¢; when 


3 ' 3 
P=mh=4V ota 4 p=p,=4V Ba @6) 


the minimum is lost (stability is lost). 

We may solve (22) graphically, as for B, > 0, 
via the y = Pp — p® curve of Fig. 2,° which intersects 
lines y=e-pé. 
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Let — < 0; here the general form of p(e) is as 
for by 2 0. Let 0s éas De here we must distin- 
guish the following ranges in é: 


a) O24 O12.) C2 =e ODS eo ohal DS Gs. 


This division is governed by the geometry of 
the accessory curve. Lines 1 and 2 in Fig. 2 are 
the common tangents to the left and right parts of 
the curve, their slopes being -0.2 and —0.25. The 
division has also another significance, because re- 
gions (a) and (b) together constitute the temperature 
range in which the crystal may exist as phase 
I or phase II in the absence of a field. In fact, we 
have that 0 < € < 0.25 is, from (5), equivalent to 
0<a< 62/4y1, which defines the region of tem- 
perature hysteresis in the I-II transition [7]. 

Let € correspond to range (a), and let e be 
large; then e —pé (Fig. 3) meets the accessory 
curve once only (position 1). Reduction in e causes 
the line to touch the curve once (at C, position 2), 
then to intersect it at three points (position 3), and 
finally at five points (position 4). The condition 
dp/ 8e > 0, with Fig. 3, shows that the points of in- 
tersection corresponding to maxima and minima in 
gy occur alternately, intersection with branch FB 
always corresponding to a minimum. The loss of 
stability in this solution and the jump to branch CG 
occur at point B, where e = ex < 0. The jump inthe 
reverse sense (to curve BF) occurs at point C, 
where e = -€;, when e is changed in the opposite 
sense. The p(e) curve takes the form of the usual 
loop, whose width is 2le,| . Figure 4 shows this 
for the particular case & = 0.15. 


5Formula (18) was first derived in [1]. 


®This is called the accessory curve. 
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Fig. 3 


Consider again £ corresponding to range (a), 
with e = 0, the crystal not having been exposed to an 
electric field; the stable equilibrium position corre- 
sponds to p= 0, i.e., to the intersection of e — pé 
with branch AD at the origin. As e increases, so 
will p, until the line e — pé touches the curve at A. 
At this point the solution corresponding to p small 
becomes unstable,’ there being a jump to branch 
BF.’ However,e inthe range — let | <e< let | , (in 
which ek and -e, correspond to lines through D and 
A) will allow only the first of the solutions; curve 
aOd of Fig. 4 represents this p(e) curve. The exist- 
ence of solution I distinguishes range (a) from the 
range é < 0. 
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0.26&< 0.25 


Fig. 5 


The width 2|e,| of the hysteresis curve may be 
found, as may 2]e}.|, the width of the range in e 
corresponding to solution I. We have from (22) and 
(25) that the first is given by 


poe at es cle re \N2 
€k (+ t 1) (= Fi 4) = ‘| a0 al 4) , (27) 
which for  «< 1 may be simplified to 


ep 8 e é 
seins Be Nee 


The second is also? given by (22) and (25) as 
{3 \3/ 


e (70 a)” + (a9 a)? (a0 


and for € «1 may be put, up to terms in 33/2 as 


(28) 


1), 29) 


(30) 


In terms of variables of direct physical significance 
Eqs. (28) and (30) are 


fT  — 3 (ale 6 ay 

Be 2 V is) *h (+ - ir (31) 
(¥1) Ba 

ee ee ee 4 

SVS e ava ayn Bi) 


(32) 
The region of e allowing solution I vanishes for T— 
Ty. 

Now let € correspond to range (b); Fig. 5 il- 
lustrates the relation of the curve to the y=e-—pé 
lines. The results are as follows. The polariza- 


"This is the solution appropriate to phase I, hence solution I. 


8Solutions corresponding to branches BF and CG may be called so- 
lution II, by analogy. 


*Figure 4 shows that the minus sign must be taken in (26). 
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tion is defined by e — pé at its intersection with 
branch BF for a crystal initially in a strong field 
(with e > 0) that then decreases: at B (e = ex) we 
get a jump to the p defined by branch AOD, and then 
a second jump (at e = ef, point D) to the polariza- 
tion corresponding to branch CG. Variation of e in 
the reverse sense leads to jumps in the polariza- 
tion at C and A, 

Range (b) thus resembles range (a) in having a 
region of solution I, which corresponds to the e — 
pé line meeting branch AOD of the accessorycurve. 

Figure 6 shows the p(e) corresponding to range 
(b) for the case € = 0.22; (27) and (29), for e, and 
e},, Simplify also for — close to 0.25, so we put 
€é =0.25-—€, with 0< & «1, to get 


FR 4 — Tae (0.16 — 9). (33) 

E close to 0.25 indicate T close to Ty; (com- 
pare the previous case). We use (4) and (5) to con- 
vert (33) to E and T, with @(T) = a(T,4) +@(T—T;), 
to get 


- 
A tit Ante os 
Ey, =V ad Ly 


ide guoaeta tren of CadREEE ate 
E, = — a= [0.16 - Ve aoesk — P,1)]- 


Figure 7 indicates the possible states for range 
(c); for e decreasing from large positive values 
down to e = lel; we get p on branch FB, while 
further change in p down to point D occurs along 


p g-0.22 


010 020 (O3t 


Fig. 7 


branch BOD. At D (e = ex) there is a jump tobranch 
CG, p remaining on this branch as e decreases fur- 
ther. For e changing in the reverse sense, we geta 
jump from branch CG to DOA at C, and anotherfrom 
DOA to BF at A. The region of solution I corre- 
sponds to branch DOA, and Fig. 8 shows p(e) for 
this case ( = 0.30),whichis of "double-loop" type [4]. 

The following explanation has been proposed [4] 
for this double loop: the temperature for the transi- 
tion from phase I to phase I (and from II to I) is that 
at which the two phases have the same thermody- 


10}jere and subsequently we neglect the dependence of B, on T. 


M~ = |e,| corresponds to the tangent at B. 
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namic potential. A field E displaces the transition 
point, positive E displacing it toward higher tem- 
peratures and negative E toward lower ones.@ A 
crystal near to,bu't above the transition temperature 
thus acquires a certain spontaneous polarization 


above an E, governed by the distance from the transi- 


tion point, but this is lost as the field is reduced. 

The crystal becomes polarized twice per cycle inan 
alternating field. No allowance was made for meta- 
stable states in [4], but these states are considered 
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here, in that the transition from one possible state 
A to another possible state B occurs only when state 
A loses its stability (passes from a metastable con- 
dition to an unstable one). This is equivalent to neg- 
lect of fluctuations, a matter that has been exam- 
ined in [7]. It can be shown that fluctuations are of 
no great importance in the theory of hysteresis. 
Secondary effects are probably responsible for the 
absence of the theoretically predicted discontinui- 
ties on the experimental hysteresis curves. 
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The structure of Sb.Te3 was studied by electron diffraction. 


In place of the earlier- 


proposed structure with a statistical distribution of Sb and Te atoms, a structure of 
the tetradimite type (Bi,yTe,S) was established. The lattice spacings (hexagonal) were 
a=4.24+ 0.02 kX, c= 29.90 + 0.10 kX. The cell contained six Sb and nine Te 
atoms. The atoms occupied positions (a) and (c), the space group was R3m with pa- 


rameters ZSp = 0.400, ZTe = 0.211. 


According to published data [1], the Sb—Te 
system contains a compound Shb,Te3; magnetic-sus- 
ceptibility measurements of the alloys showed that 
in the solid state this could dissolve 3-5% Sb and 2- 
4% Te. The question of the type of solid solution 
formed with the components by the compound Sh», Tes 
has so far not been studied. 

There is also a short published communica- 
tion on the structure of Sh, Tes [2]. 

According to this paper, Sh, Te3 crystals have 
a rhombohedral cell with a statistical distribution 
of the Sb and Te atoms. 

An analogous indication is given for the struc- 
tures of Bi,Se; and Bi,Te3, but our own results [3] 
show this to be erroneous. We also note that the 
compound Sh»,Tes3 is distinguished by a clear maxi- 
mum on the phase diagram and singular points on 
the composition/ property curves, i.e., itisa 
daltonide in the terminology of Kurnakov, and a 
characteristic feature of these is known to be an 
ordered rather than statistical distribution of the 
atoms. 

In the present investigation, we determined 
the structure of Sb, Tes by electron diffraction. The 
samples for study were prepared in the form of 
layers 167° em thick by vacuum condensation of the 
vapor onto celluloid-film substrates and rocksalt 
crystals. In preparing the samples we either evap- 
orated the original components from two evaporators 
(Vekshinskii method) or evaporated an already pre- 
pared alloy corresponding in composition to Sb, Te3; 


condensation was effected onto substrates at room 
temperature, and after sublimation the samples 
condensed onto rocksalt crystals were vacuum an- 
nealed at 200°C for 20-30 min. 

In studying samples prepared by the method 
described, we obtained two different types of elec- 
tron-diffraction pictures, namely, some witha 
small number of diffuse rings (Fig.1), and others 
of the oblique-texture type (Fig. 2). 

The electron-diffraction photographs of the 
first type were obtained from unannealed and those 
of the second type from annealed specimens. In the 
first case the sample was set perpendicular to the 
beam, and in the second at an angle of ~65°. The 
values found from the texture photograph (standard 
NH,Cl) for the spacings of the hexagonal lattice were 


d= 4.24 4-002 kx; 


¢ = 29.90 +0.10 kx. 


Typical of diffraction pictures of the texture 
type was a paired disposition of reflections on el- 
lipses with h—k # 3n, associated with the existence 
of a rhombohedral extinction condition, while the 


Fig. 1. Electron-diffraction photograph of SbyTe3 with diffuse rings. 
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Fig. 2. Electron-diffraction texture photograph of SbyTes. 


strongest reflections were disposed on layer lines 
with J/=5n. 

The electron-diffraction photographs showed 
up to 45 layer lines with around 300 reflections. 

We obtained analogous diffraction pictures 
earlier for samples of Bi,Se3 and Bi,Tes [3]. This 
fact, together with the similarity between the spac- 
ings of the Sb, Te3 cell and the corresponding spac- 
ings of Bi,Se3 (a = 4.14 kX, c = 28.9 kX) and 
Bi, Te3 (a = 4.38 kX, c = 30.4 kX) clearly indicates 
that the several structures are similar. 

This last fact is also confirmed on comparing 
the reflection intensities. 

In carrying the work further, we started from 
the fact that the Sb,Te3 structure, like that of 
Bi,Te3, was based on a nine-layer tetradimite 
stacking of Te atoms, in which Sb atoms occupied 
two-thirds of the octahedral cavities, In the struc- 
ture in question, Sb and Te atoms occupy the (a) 
and (c) positions of the space group R3m. 

The parameters of the atoms in the Sb,Teg 
structure were determined in the following way. 
Antimony and tellurium are neighboring elements in 
the periodic system of Mendeleev and hence, to a 
fair degree of accuracy, their scattering powers 
may be regarded as equal. 

Bearing this in mind, we obtain, after substi- 
tuting the coordinates of the atoms in the expression 
for the structure amplitude and making certain 
transformations: 

Qicpea (1 2 cog De = Nig 
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The expression in the first brackets either 
equals zero (for h—k+J ~ 3n) or three (for h—kt 
1 = 38n), and since we are interested only in the 
relative intensities of reflections present in the 
photograph (i.e., forh—k+J = 38n), it may be 
omitted. 

It follows from the expression in square 
brackets that the intensities of the reflections pre- 
sent in the photographs are independent of h and k 
and depend only on 1. Taking this into account,and 
noting that reflections with 1 = 17 and 22 are prac- 
tically absent from the photographs owing to the ex- 
tremely low intensity, we obtain: 


[eros aanlilersnra - 2 Cos aly: Hie 
and 
We COR aL COs oe ae 


These equations are valid for Zpe ~ 0.2 and 
ZSb ~ 0.4, or inversely. 

The parameters so obtained are refined by 
minimizing the function 


[=| Omegperat Pexp | 


ar | Vexp | 


BiG 


These calculations were only made for reflec- 
tions of the type 11/2 and 211, since the intensities 
of the reflections, as already mentioned, depend 
only on 1, ellipses with h — k= 3n (for example 110) 
containing reflections with J = 8n and ellipses with 
h—k #8n (for example 210) reflections with 1 = 3n. 
In other words, in order to allow for all values of 1 
two ellipses and not one must be taken. 

In this we again took f Sh = f Te to simplify the 
calculation of ®theor. 
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Calculations were made in two ways. First, 
ZSb was kept equal to 0.4 and a minimum found for 
R(ZTe), the ZTe varying from 0.190 to 0.216 in 
steps of 0.002. 

From this calculation the curve of Fig. 3 was 
drawn, with a minimum at ZT. = 0.211. 

In the second stage, a minimum of the function 
R(Zgp) was found with ZT¢ fixed at 0.211. 

Figure 4 shows a curve with a minimum at 
ZSb = 0.4 relating to this part of the calculations. 

Here, Zspb varied from 0.390 to 0.410 in 
steps of 0.002. 

The resultant atomic-parameter values were 
ZTe = 0.211, Zsgp = 0.400. 

The shortest interatomic distances calculated 
from these values of parameters were as follows: 
By= Tey =o. 00 KA; Sb= Tey’ 3716 Kxy-Te=Te-= 
3.62 kX. 

Finally, the factor R fell to 0.27, i.e., 27%. 

As regards the earlier-mentioned photographs 
with diffuse rings (Fig.1), these could be indexed on 
the basis of a hexagonal cell with spacings a = 4.24 
kX, c'=c/5=29.9/5=5.98 kX. As indicated 
earlier, the strongest reflections on the texture 
photographs had 1 = 5n. It is possible that on the 
photographs with diffuse rings the weak reflections 
with 1 = 5n are insignificant because of the great 
diffuseness; hence, in indexing them we take a cell 
with c'=c/5. 

However, there is also a second possibility, 
namely, that immediately after sublimation a non- 
equilibrium phase is formed on the substrate, hav- 
ing a statistical, disordered arrangement of the Sb 
and Te atoms, and that only after annealing is the 
tetradimite structure with ordered atoms formed. 

In fact, in the case of a statistical arrange- 
ment of atoms, each layer of the tetradimite stack- 
ing AcBAcBaCB... will be identical in composition 
with all other layers, i.e., we shall obtain stacking 
of the ACBACB type, in which the cell spacing along 
the c axis is only determined by the arrangement of 
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the layers, and since this arrangement is repeated 
every three layers, the spacing c' is five times 
smaller than the basic spacing (in the tetradimite 
structure repetition occurs every fifteen layers). 
Thus, in the case of a statistical arrangement 
of atoms,we have a rhombohedral stacking ACBACB, 
in which each layer contains % Te atoms and 2/, Sb 
atoms, i.e., in the hexagonal cell there are 3(4Te+ 
’*/,Sb) "atoms" with coordinates 000, 14°14, 4144, 
and atomic scattering factor fay ~ 3f Te + 2f Sb. 
The structure amplitude of such a model 


Dx = (1 -/- 2c0s 2 “ty . hav 


equals either zero (for h—k+/# 38n), or 3 (for 
h—k+l = 38n). 

Hence, the experimental @p7 of the reflec- 
tions present in the photograph should fall off as 
sinv/A increases in analogy with the fall in the 
curves, i.e., reflections with large d should have 
larger amplitudes. 


TABLE 1 

Me] ar d Akt | I[p w= | exp | 
1 | 24.6] 3.20] 401 | 100 10 3.1 
Dy || Ge Soyie AE Alok i, aud 2 1.4 
3136.0] 2.49] 110 | 70 14.5 3.8 
4 | 43.5.1 1.82 | 201.] 3 11.0 3.3 
5149.5 | 4.60 | 202 | 414 4.5 2.4 
6 | 54.0 | 1.46 | 4113 { 05 0.7 
7156.4] 4.40 | 241 5 2.0 1.4 
8 | 61.0 | 4.29} 212 2 1.2 14 
9 | 63.5 | 1.26 | 300 5 3.0 Ase 


The experimental data presented in Table 1, 
however, show that the model with the statistical 
arrangement of atoms does not satisfy this (since 
Pito > Prog, Poit > Pits, P3o0 > Poi2, P3o0 > Pig). 

Thus, the first proposition, according to 
which rings with / ~ 5n are invisible on the diffuse- 
line photographs because of the great line spread, 
is nearer to reality than that based on a statistical 
disposition of atoms. 
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Thin films of antimony prepared in the form of a wedge by vacuum evaporation were 
studied. A sharp variation in the electrical properties of the films, associated with 


structural transformations taking place within them, was observed. 


It was found 


that as amorphous antimony transforms into crystalline there is a sharp rise in elec- 


trical conductivity and the sign of the current carriers changes. 


The structure of the 


samples was checked by electron diffraction at the same time as the electrical meas- 


urements. 


It was concluded that the transformation observed was not recrystalliza- 


tion but a phase transformation of a metastable amorphous phase of antimony into a 


crystalline phase. 


It is known that thin films of antimony ob- 
tained by vacuum evaporation onto a cold substrate 
develop a metastable phase, which according to 
many authors [1-4] is amorphous. This is indicated, 
in particular,by electron-diffraction examination of 
such films [1]. The electron-diffraction picture 
shows diffuse haloes instead of the sharp lines typi- 
cal of the crystalline state. The intensity maxima 
of the haloes lie at diffraction angles differing from 
those corresponding to the lines of crystalline an- 
timony [2]. It is also found [2] that when the phase 
in question transforms into the crystalline state, the 
short-range order of the atoms in the structure 
changes. Studies made of the electrical properties 
of antimony films [3] showed that in fairly thin 
layers (~100 A) the antimony had a negative tem- 
perature coefficient of resistance over a wide tem- 
perature range (from extremely low to room tem- 
perature), i.e., constituted a semiconductor. On 
heating to a certain temperature, depending on the 
thickness and other factors, this layer underwent 
irreversible transformations. At the same time the 
electrical conductivity sharply increased. The 


transformations in antimony films were also accom- 


panied by a rise in the reflection coefficient of 
visible light [4]. 


However, despite the investigations described, 
the question as to whether amorphous antimony con- 


stituted a new allotropic modification, or whether 
we were dealing with the same crystalline antimony 


in a highly dispersed state, cannot be regarded as 
fully decided. In this paper we study the variation 
in certain electrical properties of thin films of an- 
timony, in connection with structural transforma- 
tions taking place in them. We feel that the data 
here ‘presented should be useful in solving the prob- 
lem in hand. 

The change in properties,on passing from the 
amorphous to the crystalline state,can be followed 
most clearly by studying a layer of variable thick- 
ness prepared in the form of a wedge [4]. Sucha 
layer may be obtained by evaporating antimony in 
a high vacuum with subsequent condensation on a 
suitable substrate. On the sample surface direct- 
ly above the evaporator, the layer has its greatest 
thickness, this falling monotonically on passing 
away from the evaporator. With diminishing thick- 


Fig. 1. Photograph of the film 
near the edge of the transfor- 
mation boundary (by transmitted 
light, x TD) 
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Fig. 2. Photograph of the film 
near the edge of the transfor- 
mation boundary (by reflected 
light, x 1440). 


ness the layer gradually becomes transparent, tak- 
ing on a blue-violet color (in transmitted light). 
Then comes a sharp boundary beyond which the 
layer is still more transparent and has a brown tint 
[4]. 

We evaporated the antimony in a system of the 
same type as that described in [5] with a pressure 
of about 10~°> mm Hg. The evaporator was a nickel 
tube with a slit along the generator (slit length 100 
mm, breadth 0.2 mm). Condensation took place on 
glass plates of 100 Xx 25mm. Figure 1 shows a 
micrograph of part of an antimony wedge near the 
transformation boundary, obtained in transmitted 
light. Below the boundary, i.e., on the side of re- 
duced film thickness, the transparency rapidly in- 
creases. Figure 2 shows a photograph of the same 
film taken in reflected light. We see that on pass- 
ing through the boundary in the direction of decreasing 
thickness the reflection coefficient of visible light 
diminishes sharply. 

The film was studied by electron diffraction 
on both sides of the transformation boundary. For 
these experiments the antimony wedge was evap- 
orated onto a thin celluloid film and simultaneously 
onto a glass plate parallel to this (in order to con- 
trol the position of the transformation boundary). 
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Figure 3 shows an electron-diffraction photo- 
graph of the part of the wedge below the transforma- 
tion boundary. The picture with haloes shown in 
Fig. 3 is typical of amorphous antimony. Above 
the transformation boundary the film is crystalline 
(Fig. 4), the dimensions of the crystallites being 
very small (about 10~-* cm). On passing upward 
from the boundary, the grain size increases and the 
grains become visible to the unaided eye. 

In order to determine the thickness of the 
amorphous~antimony films, we used a multiple- 
beam interferometry method [6]. We measured the 
height of the step formed by the edge of the film on 
the glass substrate. The method is described in 
detail in [7]. 

It was thus established that the amorphous 
antimony deposited on the neutral substrate (glass) 
was preserved for a long time at room temperature 
(without turning into crystalline form) in films up 
to 110 or 130 A thick. 

Besides the electron-diffraction investigations, 
we measured the electrical conductivity of the am- 
orphous and crystalline antimony, and also deter- 
mined the sign of the carriers. In working with 
very thin semiconducting films (thinner than 100 A) 
it is important to ensure good electrical contact of 
the sample with the measuring probes. In view of 
this, we made a slight change in the method of pro- 
ducing the films. Evaporation was effected simul- 
taneously from two evaporators situated over the 
ends of the glass plate. This gave a layer of crys- 
talline antimony separated by a band of amorphous 
film. Reliable contact between the amorphous part 
of the sample and the measuring probes was then 
ensured by the fact that the latter were set up in the 
thicker crystalline parts. The electrical conduc- 
tivity of the amorphous films was ¢ ~ 1Q7'em™!, 
After heating to 80 or 100°C, the amorphous film 
crystallized and its electrical conductivity rose to 
o =2-10° 29 “cm +*.i.e., by a factor of 200, 

The sign of the carriers in the semiconduct- 
ing layer may be determined from the sign of the 


Fig. 3. Electron-diffraction photograph of amorphous antimony. 


Fig. 4. Electron-diffraction photograph of crystalline antimony. | 
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thermal emf. For measuring the thermal emf of 
very thin films, we used a system with a fine con- 
trol of the pressure of the thermoprobes on the 
sample. This consisted of two levers (beams). To 
one end of each of the levers was fixed a thermo- 
probe; on the other was a counterweight. In the 
middle of the lever was placed a quartz wedge, 
bearing with its sharp edge on a polished brass sur- 
face. The pressure of the thermoprobe on the film 
was regulated by moving the counterweight. The 
temperature difference of the thermoprobes was 
40°C. For films of crystalline antimony, the therm- 
al emf was @ = +30 uwV/°C (with respect to copper) 
at temperatures from room to 60 or 70°C. At the 
transformation boundary the thermal emf underwent 
a jump with a change of sign and became equal to 

a = -100 to -120 wV/°C; thus, the amorphous an- 
timony has electron- and the crystalline, hole con- 


ductivity, i.e., we have an n-p junction in the wedge. 


Thus, at the present time, it is established 
that in thin layers of antimony obtained by vacuum 
evaporation there is an irreversible transformation 
accompanied by sharp changes in the properties and 
structure of the layers. 

The structure typical of the amorphous phase 
is replaced by crystalline. At the same time there 
is a change in the short-range order of the atoms. 
The electrical conductivity and reflection coefficient 
of light rise sharply, the sign of the carriers 
changes, and the semiconducting layer becomes 
metallic. If we were dealing with recrystallization 
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instead of a phase transformation, then,instead of 
the sharp boundary, we should find a smooth change 
in properties along the wedge since, as the thick- 
ness of the layer diminished, so would the linear 
dimensions of the crystallites. Analysis of all the 
data available in the literature, as well as our own 
results, indicates that, on heating or increasing the 
thickness of antimony films, there is a phase trans- 
formation from the amorphous metastable state to 
the crystalline, and not recrystallization. 
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It is shown that the formation of reoriented regions (kinks) in single crystals is possible 
only if deformation by compression and tension is accompanied by the production of 


macroscopic bending moments. 


In addition to the complex stressed state, it is essen- 


tial for kink formation that the slip plane and slip direction should be oriented with refer- 
ence to the axis of deformation of specimens in such a manner that deformation by slip 


is difficult. 


Usually, the study of the plastic deformation 
of single crystals commences with investigations 
with uniform stress distribution, ensured by de- 
formation by tension. However, even when poly- 
crystalline specimens are subjected to uniform ten- 
sion, uniformity of stress distribution inside the 
grains is disturbed, owing to the interaction of dif- 
ferently oriented grains. To understand the de- 
formation process of the grains of polycrystals, it 
is essential to widen the range of investigations 
dealing with the study of the process of plastic de- 
formation of single crystals, i.e., to elucidate the 
influence of changes introduced by the transition 
from the uniform to the nonuniform stressed state. 

Complication of the experimental conditions 
may furthermore provide valuable information for 
understanding the plastic deformation of single crys- 
tals. 

In one of our articles [1] dealing with the study 
of the plastic deformation of crystals of TIBr— TI 
solid solution, it was shown that in longitudinal 
bending of prismatic specimens of these crystals, 
deformations were produced in them, which were 
localized in the form of a wide lamella or band (of 
the order of several millimeters wide). The boun- 
daries of this band were not crystallographic boun- 
daries. Within such a band was a set of wedge- 
shaped regions, in which the lattice had been ro- 
tated through a certain angle unsymmetrically with 
reference to the adjacent regions and to portions of 
the crystal external to the band. 
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Fig. 1. Diagram of speci- 
men’ in which a kink band 
has been formed on longi- 
tudinal bending. 


Thus, the band or lamella was not a twin 
lamella formed in the deformation of the crystal, but 
some transitional region between two parts of the 
crystal which had been shifted by an amount s (Fig. 
1). In [1], the suggestion was made that the phen- 
omenon observed by us ought to be regarded as kink 
formation, which was first discovered by Miigge [2] 
in a number of minerals, and first produced by 
Orowan [3] as the result of plastic deformation by 
longitudinal bending of zinc single crystals. 

It should be noted that in the deformation of 
single crystals and polycrystals of mineral and 
metals, other forms of plastic deformation, also 
due to the formation of regions twisted through dif- 
ferent angles, are to be observed. These forms of 
deformation are known as "irrational twins" [4], 
"deformation bands" [5], "plates" [6], "accommoda- 
tion bands" [7], and so forth. 

The present article deals with a more detailed 
study of the phenomenon of kink formation, which 
we have observed not only in TIBr—TII crystals, but 
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also in CsI and CsBr crystals. The formation of 
similar twisted regions has also been observed by 
us in the action of a concentrated load on naphthal- 
ene and bismuth single crystals [8]. 
Investigation of Kink Formation hy 
Compression and Longitudinal Bending 

These investigations were carried out on 
T1Br—TII crystals grown by A.B. Zemtsov, and 
CsI and CsBr crystals grown by V.N. Varfolomeeva 
in the Laboratory for the Synthesis of Optical Single 
Crystals. Both groups of crystals were grownfrom 
the melt. 

The specimens of thallium halide crystals of 
definite crystallographic orientations (determined 
by means of impact figures [5]) were cut out very 
slowly on an automaticfretsaw, designed by V.G. 
Govorkov. The specimens of cesium iodide and 
bromide were cut out by means of a thread saw us- 
ing water as solvent. The specimens for compres- 
sion testing had the form of four-sided prisms with 
cross section 3 x 4 to 5 X 5 and height 8-30 mm. 
The surface of the specimens was ground on ground 
glass with abrasives and then carefully polished. 
(The TIBr—TII crystals were polished with moist 
washleather and chromic oxide, and the CsI and 
CsBr crystals on felt with water.) 

Deformation was carried out in a special 
press with a device for the application of a gradual 
slow load. An ordinary vise was used for rapidde- 
formation. 

The specimens of various orientations were 
subjected to compression with uniform stress dis- 
tribution over the cross section of the specimen. In 
accordance with published data [9], the slip ele- 
ments of TIBr—TII crystals were the {110} planes 
and <100> directions. As our investigations have 
shown, the slip elements were exactly the same in 
CsI and CsBr crystals. 

In specimens, in which the compression axis 
coincided with the [111] and [110] directions, or 
with a direction close to one of these two directions, 
deformation by slip along one or several of the {110} 
slip plane systems was observed on compression. 
Slip occurred for any ratios between the height of 
the specimens and their cross section, including 
also the case of longitudinal bending. 

Specimens, the compression of which oc- 
curred along an axis coinciding with the [100] slip 
direction, behaved quite differently. With this 
orientation of the specimens, deformation by slip 
along planes of the rhombododecahedron and in the 
direction of the cube edges is forbidden. In the 
compression of these specimens, kinks occurred 
near their ends. Figure 2 shows a photograph of 
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Fig. 2, T1Br—TII crystal 
deformed by compression 
strictly along the princi- 
pal axis, coinciding with 
the [100] slip direction. 
At the ends of the speci- 
men are visible deposits 
consisting of a number of 
kink bands. 


such a specimen taken in natural transmitted light. 
The kinks are visible in the form of dark regions at 
the ends, which do not transmit light because of the 
presence of a large number of cracks in the kink 
bands. The occurrence of kinks at the ends is ac- 
companied by a crackling sound. These experi- 
ments showed that with uniform compression of 
thallium and cesium halide crystals, kinks occurred 
only for an orientation of the specimens such that 
slip was impossible. On the basis of the fact that 
with such an experimental arrangement kinks oc- 
curred only at the ends of the specimen, the follow- 
ing conclusion may be made: Kink formation is due 
to the presence of a complex stressed state pro- 
duced at the ends of specimens as the result of fric- 
tion between the specimen and the jaws of the press. 
In the next series of experiments, we sub- 
jected the specimens to nonuniform compression. 
Nonuniform stress distribution was produced indif- 
ferent ways; either the rectangular specimen was 
placed askew between the press jaws (Fig. 3a), or 
the axis of the specimen was arranged strictly per- 
pendicular to the press jaws, but the end faces of 
this specimen were not cut at right angles to its 
other sides (Fig. 3b). In either case, the load was 
applied to the edge or to the apex of the trihedral 
angle of the specimen, With such methods of com- 
pression, kinks were produced without trouble in 
specimens in which the principal axis coincided with 
the slip direction or deviated slightly from it, the 
kink band being situated near the middle of the spe- 
cimen. Compression,under similar conditions, of 
specimens whose principal axis was parallel to the 
[111] or [110] directions failed to produce kinks. 
Experiments with nonuniform compression showed, 
however, a wider range of orientation of the speci- 
mens, for which the production of kinks on compres- 
sion was observed. It was found that kinks may be 
produced in specimens in which the axis makes an 
angle of 0-25° to the direction of the cube edge. 
These experiments also showed that the width of 
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Fig. 3, Compression con- 
ditions of specimens of crys- 
tals of thallium and cesium 
halides, with the principal 
axis parallel or nearly par- 
allel to the slip direction, 
for which kink-band forma- 
tion is observed, 


the kink band depends directly on the angle of skew 
of the specimen in the case of compression by the 
method shown in Fig. 3a, and also on the angle 
formed by the axis of the specimen with the slip di- 
rection. (This latter relationship is in agreement 
with the results of similar experiments by Gilman 
[11] with zinc.) If the angle between the axis of the 
specimen and the slip direction exceeds 25°, the 
kink band is not clearly marked. Figure 4 shows 
photographs of deformed CsBr specimens taken in 
polarized light (Fig. 4c was taken with an inter- 
posed gypsum plate). The axis of the first speci- 
men (Fig. 4a) coincides exactly with the slip direc- 
tion, the kink band is clearly marked and quite nar- 
row. In the next photograph (Fig. 4b), a specimen 
is shown with the axis differing from the slip direc- 
tion by an angle of 21°. The outlines of this speci- 
men were smoother and the band narrower than in 
the specimen shown in Fig. 4a. Figure 4c shows 
the upper part of a CsBr specimen, in which a kink 
has formed at the end. 

The first two specimens (Figs. 4a,b) assumed 
the shape of a knee bend. According to Euler, a 
knee bend is one of the forms of longitudinal bend- 
ing of elastically isotropic rods, which a rod as- 
sumes as the result of loss of elastic stability, when 
one end of it is permanently fixed and the other is 
able to move along the jaws of the press. It should 
be noted that in our experiments the ends of the spe- 
cimens were not rigidly secured, and the possi- 
bility was not precluded that one of the ends could 
be displaced slightly in the horizontal direction. The 
kink bands were formed at the point of inflection of 
the axis of the specimen. Longitudinal bending is 
produced in the compression of rods, or due to the 
presence of inhomogeneity in cross section along the 
length of a specimen or in consequence of eccentri- 
city of the applied forces. In all the cases we have 
investigated, kinks were formed in the presence of 
macroscopic bending moments. 

To determine the rate of formation of a kink 
band, use was made of motion picture photography 
of the compression process in polarized light (with 
a rate of exposure of 24 frames per second). These 
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experiments showed that kinks are formed in 
period of less than '4, sec. 

The sound emitted by a specimen during kink 
formation may be due to two causes. Eithercracks 
are formed during kink formation, these cracks be- 
ing propagated with the speed of sound, or reorien- 
tation of lattice regions occurs in the kink band 
with a speed approaching the speed of sound, as in 
twinning. The formation of a large number of 
cracks in the region of a kink is confirmed by the 
formation of regions which do not transmit light 
(Figs. 2 and 4a). 

It should be noted that the formation of the 
kink shown in Fig. 4a was accompanied by a crack- 
ling sound, while the formation of smooth kinks, 
like that shown in Fig. 4b, was notaccompanied by 
any emission of sound. 


Investigation of Deformation by 
Uniform Tension 


The investigation of the formation of kinks in 
crystals on deformation by compression led us to 
conclude that in kink formation a part is played by 


‘the crystallographic orientation of the principal axis 


of prismatic specimens with reference to the axis of 
compression, and by nonuniform stress distribution 
over the cross section of specimens (presence of 
macroscopic bending moments). 

To elucidate whether the presence of a non- 
uniform stressed state was really necessary for 


Fig. 4. Photographs in polarized light of kink bands formed 
on compression of cesium bromide crystals. 
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kink formation, we carried out experiments, in 
which T1Br—TII single crystals were subjected to 
uniform tension. Platelets were cut from these 
single crystals. The middle parts of the lateral 
surfaces of the platelets were carefully filed out 
with a fine file to such an extent that the cross sec- 
tion of the operative part of each specimen was re- 
duced to one-half or one-third the cross section of 
the part of the specimen located in the jaws of the 
machine (the length of the operative part was 10 
mm, and its cross section was 4-5 mm’). The 
surfaces of the specimens were carefully ground 
and polished. The specimens were then heated in 

a thermostat to 280°C, kept at that temperature for 
one hour, and then cooled slowly for 8-10 h. Re- 
lief of internal stresses was verified by examina- 
tion of the specimens in polarized light. 

The specimens were subjected to tensile stress 
on an apparatus of the type of a Polyanimachine, in 
which the specimens were clamped immovably by one 
end, while the other end was secured (through a 
dynamometer) to a gradually raised screw. Uni- 
formity of tension was ensured by the use of a car- 
dan type clamp. In the course of the application of 
tension, the stress distribution in the specimens 
was under continuous observation in transmitted po- 
larized light. Specimens were subjected to tension 
in which the principal axis was variously oriented 
with reference to the principal crystallographic di- 
rections. 

The tension experiments showed that if speci- 
mens of different orientations are subjected to ten- 
sion exactly along their principal crystallographic 
axis, plastic deformation by slip occurs with the 
same slip elements as in the case of compression. 
An exception is provided by tension along the [100] 


Fig. 5, Photograph in polarized light of portion of 
T1Br— TI crystal subjected to tension, Four systems 
of slip traces are to be seen, 
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direction, which is the slip direction of these crys- 
tals. In this case, the specimens fractured without 
appreciable change in length (we have so far been 
unable to observe mechanical twinning in these crys- 
tals). In most cases, fracture occurred along the 
{110} plane, and the surface of the fracture was 
either a smooth surface or toothed, the teeth being 
surrounded by smooth, almost specular, planes of 
the rhombododecahedron. 

The slip occurring when tension was applied 
to the specimens along directions differing from the 
slip direction,always occurred along two or more 
planes of the rhombododecahedron, and with in- 
crease in the angle of deviation of the axis of ten- 
sion from the [100] direction, the proportion by 
which the second system of slip planes participated 
increased. Figure 5 shows part of a specimen ad- 
jacent the tip. The axis of the specimen made an 
angle of ~25° with the [100] direction. Visible on 
the surface of this specimen are four systems of 
slip traces, the sites of emergence on the surface 
of different planes of the rhombododecahedron. 

These experiments thus showed that with uni- 
form tension, plastic deformation occurred only by 
complex slip. The formation of regions with re- 
oriented lattice was not observed in the case of de- 
formation caused by tension. 

The experiments were made at room tempera- 
ture and the rate of deformation was 2.5 - 10~ to 
1.1 ° 107° cm/sec. 

Figure 6 shows tensile stress curves for spe- 
cimens of three orientations. During tension of the 
Specimens, the axis of which was parallel to one of 
the <100> directions, being the only slip directions 
in these crystals at 20°C, slip was impossible, and 
therefore plastic deformation did not occur, and 
fracture occurred immediately after elastic de- 
formation. Tension in the [111] direction was more 
favorable for the occurrence of plastic deformation 
by slip; since, in this case the directionof the stress 
bisects exactly the angle between the slip direction 
and the normal to the slip plane. The behavior of 
Specimens subjected to tension in the [110] direc- 
tion was intermediate between the first and second 
cases. 

Furthermore, for tension curves of Tl1Br—TII 
crystals, the presence of serrations on the part of 
the curve corresponding to plastic deformation is 
characteristic; these serrations are caused by the 
drop in stress at a given elongation of the specimen. 
A sharp drop in stress is usually observed in twin- 
ning, and such drops in stress are not character- 
istic of deformation by slips. For elucidating this 
phenomenon, we examined specimens in polarized 
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Fig. 6. Tensile stress curves at room temperature of T1Br—TII 
crystals for three crystallographic directions, The top curve cor- 
responds to tension along [100] (the graph only shows part of it; 
fracture corresponds tog ~ 10 kg/mm?), The middle curve cor- 
responds to tension along the [110] direction. The bottom curve 
corresponds to tension along the [111] direction. 


light, while they were under tensile stress. It was 
found that each serration on the tension curve cor- 
responded to an avalanche-like formation of a 
packet of displacements. The latter were formed at 
any point on the specimen, and in some cases the 
avalanches of displacements spread over the entire 
operative part of the specimen. 

The influence of various factors on the form 
of the deformation curves of TIBr—TII crystals has 
been studied by Regel' and Zemtsov [12]. 


Production of Kinks in Tensile 
Deformation Accompanied by Bending 


In view of the fact that in pure tension we 
were unable to obtain a kink band, we tried produc- 
ing in the specimen a nonuniform stressed state, in 
addition to tension. The compression experiments 
had shown that one of the conditions for the occur- 
rence of kinks in crystals was the presence of 
macroscopic bending moments. Making use of this 
result, we subjected specimens to bending, in addi- 
tion to tension, this being done by oblique attach- 
ment of the specimens in the clamp, as shown in 
Fig. 7. With such a method of clamping the speci- 
men, its left-hand part (see Fig.7) was subjected 
to tension to a greater degree than the right-hand 
part, resulting in bending of the specimen, with a 
convexity directed to the right. (It should be noted 
that the obliquity in clamping the specimens should 
be fairly large.) Under these deformation condi- 
tions, we finally succeeded in obtaining kink bands, 
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Fig. 7. Diagram of 
experiment on sub- 
jecting a crystal to 
tension with bend - 
ing, in which the 
formation of a kink 
band is observed. 


but these bands were not so pronounced as those ob- 
tained by compression. The kink bands were 
formed in the middle portion of the specimens or in 
regions which were transitional from the operative 
part to that held by the grips. It was thus possible 
to produce kink bands in TIBr—TII specimens, sub- 
jected to tension in the [110] direction. With such 
orientation of the specimens, two {110} planes (one 
perpendicular to the axis of tension and the other 
parallel to it) were forbidden for slip, but slip 
could take place along the other four planes of the 
rhombododecahedron, making an angle of 60° (30°) 
to the direction of the axis of tension. The direction 
of the tension in these planes makes an angle of 45° 
with the axis of tension. Slip along these planes, 
however, does not preclude the possibility of kink 
formation. 

Figure 8a shows a portion of a TIBr—TIlI spe- 
cimen subjected to tension with bending. The axis 
of the specimen is parallel to the [110] direction. In 
the middle part of the specimen is to be seen a 
slightly bent lamella (dark on a light background). 
Higher magnification shows the complex structure 
of this lamella (Fig. 8b). This specimen was de- 
formed not only with kink formation but also with 
complex slip (on the photograph reproduced, the dis- 
placements are not visible). 

When TIBr—TII specimens having other orien- 
tations were subjected to tension with bending,kinks 
were not produced. In deformation under suchcon- 
ditions of specimens, whose principal axis coin- 
cided with the [111] direction, slip occurred simul- 
taneously along several systems of planes of the 
rhombododecahedron. Specimens whose axis was 
parallel to the [100] direction fractured without ap- 
preciable sign of plastic deformation. Evidently, 
when specimens of such orientation were subjected 
to tension with bending, fracture occurred before 
kinking was able to take place in them. 
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Fig. 8. TIBr—TlI specimen in which a kink band has been formed by tension with 
bending: (a) Form of specimen with kink band at x 18; (b) portion of the same 
kink band at x 180, Inside the band, over its entire extent, is to be seen one boun- 
dary of a wedge-shaped region. Several such boundaries are to be seen in the lower 


part of the band. 


Thus, experiments on the tension of TIBr—TII 
crystals, at room temperature and a rate of applica- 
tion of tensile stress of 2.5° 10~-1.1°10%cm 
per sec, showed that for plastic deformation by kink 
formation to take place under conditions of tension, 
it was necessary to use specimens of a definite ori- 
entation (with the axis parallel to [110j) and to pro- 
duce a complex stressed state resulting in a com- 
bination of tension and bending. In the case of ten- 
sion alone or bending alone, the formation of kink 
bands was not observed. 


Investigation of the Influence of Local 
stresses at Defective Places on Kink 
Formation 


Some investigators (Hess and Barrett [13], 
Gilman and Read [14]), on the basis of their experi- 
ments with metals, assert that kink formation is 
assisted by the presence in the specimens of local 
heterogeneities. We made special experiments to 
verify this statement. 

Defects were made intentionally in the speci- 
mens before deformation, either surface scratches 
were made, or throughgoing orifices were drilledin 
them, or specimens with cracks were selected. In 
a number of specimens, the surface was damaged 
by pricking it with a needle in the deformation pro- 
cess (with the object of avoiding recovery effects). 

In carrying out these experiments, we were 
never able to observe, in crystals of thallium and 
cesium halides, the occurrence of kinks originating 
from the damaged portions; only packets of dis- 
placements were formed around the damaged por- 
tions. 


In the case of uniform compression along the 
slip direction of specimens provided with a surface 
scratch, the occurrence of kinks was observed near 
the ends, but not in the vicinity of the scratch. If 
specimens having an orientation favorable for slip, 
but unfavorable for kink formation, were subjected 
to uniform compression, the presence in them of 
local defects (needle pricks, orifices, scratches) 
failed to cause the occurrence of localized kink 
bands. Deformation occurred by normal slip, while 
under very high loads the specimens deformed by 
slip with longitudinal bending. The presence of 
scratches and pricks in thallium halide specimens 
subjected to tension did not appreciably affect the 
course of plastic deformation. The specimens were 
deformed by ordinary slip, and fracture did not al- 
ways occur near such defects. 

The presence of an orifice, and also pressure 
applied to the specimen during tension, did, how- 
ever, have some influence on the course of plastic 
deformation, and on the appearance of the fracture 
of the deformed specimen. In specimens whose 
length did not coincide with the [100] direction, and 
in which there was an orifice in the central part, 
slip occurred in the initial stage of plastic deforma- 
tion along a system of planes of the rhombododeca- 
hedron. At the same time, elastic stresses were 
set up near the orifice, and in polarized light these 
stresses looked like multicolored isochromes, ar- 
ranged in the form of a cross, with branches diverg- 
ing from the orifice. In the tension process, the 
number of slip bands increased and the color of the 
isochromes varied. At a certain value of the stress, 
in addition to the slip traces covering the whole of 
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Fig. 9. Photograph in polarized light of a por- 
tion of the T1Br— Tll specimen with orifice, 
which has been subjected to tension. In the ap- 
plication of tension to this specimen, pockets of 
displacements have appeared from two sides of 
the orifice. 


the surface of the specimen, slip traces appeared 
suddenly ("explosively"), diverging from the orifice 
in the form of a bundle of lines along four or two di- 
rections. These lines corresponded to slip traces 
along planes of the rhombododecahedron, but dif- 
fered from the slip planes which acted on the initial 
stage of plastic deformation. Soon after the appear- 
ance of these cruciform slip traces, fracture of the 
specimen occurred, this necessarily taking place 
near the orifice. Figure 9 shows a photograph of 
part of a TIBr—TII specimen, subjected to tension, 
having an orifice at its center. This specimen was 
subjected to tension until two packets of lines ap- 
peared near the orifice, but was not stressed to 
fracture. 

Thus, contrary to statements by Hess and 
Barrett [13[, and Gilman and Read [14], our ex- 
periments showed that the presence of stress con- 
centration alone at defects does not cause the for- 
mation of kinks in thallium and cesium halide crys- 
tals. Only packets of displacements are produced 
near damaged places in crystals of the halides. The 
formation of kinks near scratches in the experi- 
ments of Gilman, Read, Hess, and Barrett was due 
to the specific nature of the substance (metal) they 
investigated. 

The fact that artificial damage to crystals and 
the presence of local defects in the case of metals 
produce kink formation, while such influence is ab- 


sent in the case of thallium and cesium halides, may 
be explained by means of data on the investigation 
of the process of plastic deformation in crystals of 
different substances (with bonds of widely differing 
types) under the action of a concentrated stress [8, 
10,15,16]. These investigations showed that when 
a concentrated stress acts on crystals, plastic de- 
formation figures (surface and throughgoing impact 
and pressure figures) are formed. In crystals of 
the halides TlBr, TII, TlBr—TII, CsI, and CsBr, 
and also in crystals of galena (PbS), deformation by 
slip underlies the formation of these figures. Under 
the action of a concentrated stress on Zn, Bi, and 
Sn crystals, similar plastic deformation figures 
were formed, but always because of twinning and 
accompanying accommodation kinks [7], represent- 
ing regions intermediate between the undeformed 
crystal and one of the boundaries of the twinning 
plane. 

These investigations have thus shown that the 
process of plastic deformation at places of stress 
concentration in halide crystals differs from the de- 
formation process under similar conditions in 
metals. 


Summary 


1. It has been found that plastic deformation 
in thallium and cesium single crystals takes place 
because of the occurrence of kinks if there is a 
complex stressed state, characterized by the pres- 
ence of macroscopic bending moments, in addition 
to tension or compression. 

2. It has been found that for kinks to form on 
compression or tension, it is essential, in addition 
to bending moments, for the crystallographic axes 
to be oriented in a definite manner with reference 
to the axis of deformation of the specimen. 

3. For kink formation to occur during de- 
formation by compression, it is necessary that the 
orientation of the specimen should not permit de- 
formation by slip, that is to say, the axis of com- 
pression of the specimen should be parallel to the 
slip plane or deviate from it by an angle not exceed- 
ing 25°. The crystallographic slip direction also 
should be either parallel to the axis of compression 
or deviate from it by not more than 25°. 

4, With the application of uniform tension to 
TlBr—TII crystals, no kinks are formed for any 
crystallographic orientation of the specimen. In this 
case, there occurs deformation by slip or fracture 
without appreciable change in length of the speci- 
men. 

5. The formation of kinks with the applica- 
tion of nonuniform tension (tension with bending) al- 
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so only occurs for a definite orientation of the spe- 
cimen, i.e., when the direction of the axis of ten- 
sion coincides with the [110] direction. If the axis of 
tension coincides with the [100] direction, in the 
case of tension with bending, as in the case of uni- 
form tension, before fracture of the specimen, only 
the linear part of the deformation curve can be ob- 
served. Specimens subjected to tension with bend- 
ing in the [111] direction are deformed entirely by 
complex slip, which may occur along six systems 
of slip planes. 

6. Contrary to the results of experiments by 
Gilman, Read, Hess, and Barrett with zinc, our in- 
vestigations showed that the presence of stress con- 
centration at local defects does not cause kink for- 
mation in thallium and cesium halide crystals sub- 
jected to compression or tension. 

7. The difference in the influence of local de- 
fects in our experiments and in the experiments of 
Gilman et al. is explained on the basis of a pre- 
viously conducted comparative investigation of the 
mechanism of the formation of plastic deformation 
figures formed in metals and halide crystals when 
a concentrated stress acts on different faces of the 
crystals. A concentrated stress in metal crystals 
actually produces kink formation, accompanied by 
mechanical twinning, while under the action of a 
concentrated stress on thallium and cesium halide 
crystals, deformation occurs by complex slip, and 
kinks are not formed. 
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Pressure-deformed single crystals of CsI and TII—TI1Br, previously studied in polarized 


light, were examined by narrow-beam x-ray photography. 


Inside the kink bands appeared 


sections of crystal constituting twins with respect to the original. 


One of the manifestations of the inhomogeneous 
structure of plastically deformed crystals is the sys- 
tem of so-called fault or "kink" bands formed under 
certain conditions of deformation in single-crystal 
metals and ionic compounds. Investigations made 
by a number of authors [1-3] have shown that kink 
bands occur in crystals of different systems sub- 
jected to different forms of deformation over a wide 
temperature range. From this fact many workers 
have come to the conclusion that kink formation is 
a fundamental property of the deformation process, 
and that study of this phenomenon may therefore 
throw light on the mechanism of plastic deformation 
in crystals as a whole. 

The external form of kink bands is much the 
same for different crystals, although the breadth of 
these regions varies over fairly wide limits, from 
one micron to several millimeters. 

Structural examination of kink bands in papers 
hitherto published has been carried out by means of 
wide beams of x rays (diameter 0.5 mm and more); 
the diffraction picture on the photographic plate in 
this case is created by a large part of the crystal, 
so that it is practically impossible to establish laws 
governing the structure of the kink bands and re- 
gions close to them. Moreover, the comparatively 
wide kink bands observed in polarized light have in- 
ternal fine structure [4]. 

In order to study the detailed structure of kink 
bands we took Laue photographs with beams of vari- 
ous diameters from 1 mm to 40 uw, in association 
with microscope observation in polarized light. This 
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enabled us to correlate the fine structure of the de- 
formed crystals given by x-ray data with the dis- 
tribution of stresses inside the kink band. We 
studied single crystals of cesium iodide and a solid 
solution of thallium bromide and iodide deformed by 
pressure. 

For the x-ray examination we took two sections 
of Tl1Br—TlI and CsI samples containing kink layers 
developed by longitudinal compression. The sec- 
tions were given to us by the Institute of Crystal- 
lography. 

The samples were prepared in the form of thin 
plates by grinding the deformed blocks. In order to 
eliminate possible bending, the blocks were glued 
to a glass plate. The crystallographic orientation 
of the samples is shown in Fig. 1. 

The study of kink bands in the T1Br—TII single 
crystals by optical methods was effected in the In- 
stitute of Crystallography by Klassen-Neklyudova 
etal. [4]. Figure la shows a schematic picture of 
the stress distribution from their data, as well as 
certain details in the kink band which they did not 
notice (the latter are shown by a thick line). 

The optical picture of a kink band in a CsI crys- 
tal is shown in Fig. 1b. As in the TII—T1Br crys- 
tals, we can clearly see wedge-shaped regions (in- 
to which the inner part of the band is divided) ro- 
tated with respect to each other so that they form, 
as it were, two fans proceeding from points O and 
O'. Clearly visible is the upper boundary of the 
band, stretching through the whole crystal; approxi- 
mately perpendicular to this boundary are light 
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Fig. 1. Optical pictures of kink bands in crystals of thallium and cesium halides. 

(a) Schematic representation of a kink band observed in polarized light in a TII—T1Br 
crystal. (b) CsI plate in polarized light (x 9); crystallographic orientation of plate 
shown above. (c) Part of a CsBr block in polarized light; on the right is a scheme of 
the kink bands given by Orowan. (d) Disposition of the parts examined by the Laue x- 
ray method in the CsI crystal (O— diaphragm 0.5 mm; O' — diaphragm 0.2 mm). 
Shaded regions are the parts of the crystal, the x-ray photographs of which are given 


in the article, 


lines passing along the sample, forming S bends in- 
side the sample along arcs of concentric circles; 
these are the traces of (110) slip planes on the sur- 
face. Perpendicular to the (110) slip lines are slip 
lines of a second active slip system, the (011). Out- 
side the kink band, the (011) slip lines are parallel 
to each other and approximately the same in inten- 
sity. Inside the kink band their intensity varies 
sharply: We can distinguish lines forming the boun- 
daries of the kink band and boundaries of the wedge- 
shaped regions making angles of 4, 12, 16, 16, 4, 
and 0°, respectively, with the original directions. 
Hence, the orientation of the crystal is restored 
outside the band. At points O and O' on the surface 


of the crystal there are sharp grooves separating 
the kink band from the main crystal. 

Comparison of Figs. la and 1b shows that, in 
addition to the common features typical of kink 
bands, the CsI and T1I—T1Br crystals also show 
substantial differences in band structure. In the 
TlI—T1Br crystals, a single slip system is active, 
and the boundaries of the wedge-shaped regions are 
therefore not slip lines. In the CsI crystal two sys- 
tems are active and the boundaries of the wedge- 
shaped regions therefore do constitute slip lines. 

Correspondingly there is also a difference in 
the behavior of the lines of the principal active sys- 
tem at the boundaries of the wedge-shaped regions. 


FAULT BANDS IN 


Fig. 2. X-ray photographs typical of parts of the CsI crystal at 
the boundary of the kink band (a) and outside the latter (b);:(a) 
corresponds to part (2) in Fig. 1d, and(b) to part (1) in Fig, 1d. 


In the CsI crystals these bend smoothly, while in 
the TlI—Tl1Br crystals the slip lines undergoa sharp 
break, especially marked near point A in Fig. la, 
i.e., near the channel in the surface. It is hard to 
follow the behavior of the slip lines of the principal 
system around points O and O', corresponding to 
channels, in the CsI sample used, since the inten- 
sity of the lines diminishes sharply in these regions. 
We can see, however, that the slip lines are smooth- 
ly bent on concentric circles with centers at O and 
O', respectively, and on the straight lines OK and 
O'K' there is a sharp break in the slip lines just as 
in the TII—T1Br crystals in a region adjacent to the 
surface fracture of the crystals (Fig. 1c). 

In order to compare the above optical picture 
with local x-ray data, the x-ray beam had to be di- 
rected at the selected portion of crystal. In order 
to determine the coordinates of this position, the 
following method was adopted. Along the boundary 
of the band was glued a fine glass fiber. This fiber 
and the side edge of the crystal were used as coordi- 
nate axes, and the distance from these to the parts 
selected for the photographs inside and outside the 
band were measured with a micrometer scale. 

The crystal thus calibrated was set in the Laue 
camera, which was furnished with a specially con- 
structed optical attachment and lifting mechanism, 
making it possible to change the position of the crys- 
tal without altering its orientation in space. With 
the optical attachment it was possible to establish 
the position at which the primary beam struck the 
crystal to within 10 wu. The position of this point 
was determined in general from the luminescence 
of a zinc-sulfide screen set in place of the crystal. 
In taking x-ray photographs of the CsI crystals, the 
fluorescence of the crystal itself under the x rays 
was used. 

A detailed x-ray investigation with a narrow 
40-u, diameter beam, and also beams of 0.2 and 
0.5 mm, was made on the CsI crystal; since the 
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optical picture was richer for this than for TII— TlBr 
and easily seen in polarizedlight, the parts of the 
CsI crystal chosen for x-ray study are shown in 

Fig. 1d, which also shows the dimensions of the ir- 
radiated parts. In the TlI—T1Br crystal a beam of 
diameter 0.2 mm was used at the boundaries of the 
wedge-shaped regions, inside them, and in the re- 
gion near point A; a 0.5-mm beam was used in vari- 
ous parts inside and outside the kink band. 

The choice of regions for x-ray study was de- 
termined by the problem posed, namely: (a) to 
check whether the variation of the orientation of 
parts inside the kink bands in the CsI and TU-—T1Br 
crystals obeyed the general laws set out in [3], and 
to compare the optical and x-ray data; (b) to study 
how the structure of the crystal varies at smooth 
bends and sharp breaks of the slip lines; (c) to de- 
termine in what way the boundaries of the wedge- 
shaped regions differ from the insides; (d) to check 
whether the asterism pictures differ in the places 
where the slip planes emerge on the surface of the 
crystal (light lines in polarized light) and the dark 
regions adjacent to them: We see from Fig. 1d that 
the choice of diaphragms limiting the x-ray beam 
was also governed by the conditions of the problem. 
A series of photographs covering the whole band 
was obtained with a circular diaphragm 0.5 mm in 
diameter. For observing the "light" and "dark" re- 
gions, a circular diaphragm of diameter 0.2 mm 
was used, and for determining the structure inside 
the wedge and at the boundary regions, a slit dia- 
phragm of 0.04 X 0.7 mm. 

An x-ray diffraction pattern typical of the boun- 
dary regions of the kink band of the CsI crystal ap- 
pears in Fig. 2a; Fig. 2b shows one obtained out- 
side the band. Figure 3 shows x-ray pictures il- 
lustrating the change in the asterism on passing 
from the upper boundary of the band to the lower. 
The sharp change in the asterism in Figs. 3a and 
3b, the extinction of some reflections and the ap- 
pearance of new ones for a relatively small change 
in the rotation angle, is connected with the selec- 
tive absorption of the primary radiation by the 
sample and the weakening of soft rays by the glass 
substrate, as a result of which the set of wave- 
lengths taking part in the reflection is small. The 
x-ray photograph of, Fig. 3c was obtained with a 
slit diaphragm at the wedge boundary. The photo- 
graphs obtained with a slit diaphragm inside the 
wedge were analogous to that shown in Fig. 3c. 
Figure 4 shows x-ray photographs typical of those 
parts of the crystal adjacent to the surface fracture 
of the crystal. 
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Fig. 3. X-ray photographs illustrating the change in orientation of the crystal lattice inside 
the kink band of the CsI crystal. (a) corresponds to part (3) in Fig. 1d,(b) to part (4) in Fig. 1d, 
(c) toa part of the crystal at the boundary between the second and third "wedge" in the upper 


part of the kink band. 


Fig. 4, X-ray photographs typical of parts adjacent to the sharp- 
ly curved boundary of the crystal: (a) corresponds to region (5) 
in Fig. 1d (CsI), (b) to the boundary between the wedge-shaped 
regions in the TlI— TIBr crystal. 


By analyzing the x-ray photographs obtained 
with CsI, we see that: 

1. Inside the kink bands there is rotation of 
the lattice in two opposite directions relative to the 
center of the band. The main direction of rotation, 
the [110] direction, lies in the active slip plane 
(110) perpendicular to the direction of slip. [001]. 
The maximum rotation angle is 10 to 12°, whicl ap- 
proximately corresponds to optical data. 

By analyzing the gnomostereographic projec- 
tion, it follows that, in addition to the main rota- 
tion, there is an additional rotation of the lattice 
around the [011] direction. Outside the kink band 
the orientation of the crystal is everywhere the 
same. 

2. Inside the kink band and in the regions close 
to this, the crystal is divided into individual blocks 
rotated with respect to each other. The block sizes 
differ; at the boundary of the band they are quite 
large (order of several microns), and inside the 
band they are much smaller. This indicates that 
the degree of lattice deformation increases from 
the edges of the band to the center. 

3. The sharp bands disposed approximately 
perpendicularly to the slip lines, the boundaries of 


Fig. 5. Gnomostereographic projec - 
tion constructed from the x-ray pic- 
ture of Fig. 4a. The marks @ indi- 
cate the original crystal, while marks 
O indicate the rotated crystal. The 
vertical direction corresponds to the 
{113], direction. 


the wedge-shaped regions ,do not differ in structure 
from the parts inside these regions. An analogous 
conclusion inay be reached with respect to the 
structure of the slip bands and the intermediate 
parts between them. 

4. In parts of the crystal adjacent to the point 
O, where there is a sharp change in the external 
form of the crystal and the greatest stresses may 
be expected, twin formation is observed. 

In the x-ray photograph shown in Fig. 4a, we 
see two types of interference maxima: elongated 
spots from the main crystal (compare Fig. 3b) and 
sharp spots corresponding to a part of the crystal 
turned through 55° around the [110] direction rela- 
tive to the main crystal. 

Thus, the directions [001] and [111], [111] and 
[001], [110[ and [110] of the main and rotated crys- 
tal coincide, and the (113) plane is common in both 
crystals, i.e., constitutes a twinning plane (see 
Fig. 5). Thesharpness of the spots indicates that 
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in this part of the crystal the stresses are removed. 
The region where twinning is observed stretches 
inside the crystal to a distance of 1.8 mm, in good 
agreement with Fig. 1. 

Besides these laws, we should note the extreme 
inhomogeneity of the internal structure of the kink 
band, which necessitated the large number of photo- 
graphs covering the whole band (Fig. 1d). 

Analysis of the x-ray pictures obtained with the 
TlI—- TlBr crystal confirms the agreement between 
optical and x-ray data in estimating the rotation of 
the lattice inside the kink band and clearly illus- 
trates the limited possibilities of the optical method 
in studying the nature of plastic-deformation pheno- 
mena. As in the CsI crystal, in the TII—T1Br crys- 
tal the orientation of the crystal lattice inside the 
kink band differs from that of the original crystal 
by a rotation around the [110] direction. In the 
TlI—T1Br crystal the orientation does not change 
smoothly, as in CsI, but sharply on passing through 
the boundary separating one wedge-shaped region of 
the kink band from another. In the x-ray photo- 
graph obtained with a 0.2-mm beam from a partof 
the crystal adjacent to the boundary between the 
wedges, we can See a Splitting of the interference 
spots into two spots rotated around the [110] direc- 
tion relative to one another. The angles of rotation 
from optical and x-ray data coincide within the 
limits of measuring error. Thus, in the part of the 
crystal situated close to the considerable curvature 
in the crystal surface, we can observe rotation of 
the "wedge" as a whole through 15° and more, with- 
out rupture of continuity (see Figs. la and 4b), 
whereas, according to the data of [4], the crystal 
could not rotate through more than 2° without crack 
formation. This rotation may be described as twin- 
ning with respect to irrational planes of type (11n), 
since the angle of rotation varies inside the band. 
For a rotational angle of 15°, the (118) plane serves 
as a twinning plane. 

Thus, the boundaries of the wedge-shaped re- 
gions, equally well observable in polarized lightfor 
TlI—TIBr and CsI crystals, are essentially differ- 
ent in character. As already noted, in the CsI 
crystal the structure of the parts along the boun- 
dary differs in no way from the internal structure 
of the wedges, while in the TII— TlBr crystal, along 
the boundaries of the wedge-shaped regions, there 
is conjugation of the lattices of the two contiguous 
wedges in the form of "irrational" twinning. 

Hence, we may assert that a sharp break in 
the slip lines observed inside kink bands corre- 
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sponds to conjugation of the lattices by twinning 
without substantial internal disruption of the lat- 
tice (see Fig. 4b), while a smooth bend indicates a 
gradual turning of the portions of crystal accom- 
panied by a considerable distortion of the crystal 
lattice. 

On the basis of the foregoing data, we may 
draw the following conclusions: 

1. The scheme of the rotation of the crystal 
lattice inside a kink band proposed by Orowan is 
evidently valid for all crystals. 

2. The point of view of Barrett, Taylor, and 
Orowan regarding the nonparticipation of twinning 
in the formation and development of kink bands is 
not supported by our observations on the CsI crys- 
tal. 

It may also be thought that phenomena well- 
known in the literature, kink formation, twinning 
with respect to irrational planes [5], "lamellation" 
in NaCl crystals [6], described as twinning along 
the (119) plane, the formation of bent regions near 
twinning boundaries in crystals of the hexagonal 
system, all these are manifestations of a combina- 
tion of well-known deformation mechanisms, slip 
with bending and twinning in the broad sense. Which 
of these will be more sharply expressed, slip or 
twinning, depends on the orientation of the samples, 
their ductility, and also the local stress distribu- 
tion, i.e., on the quality of the sample surfaces and 
the external stress field acting on the crystals. 

In conclusion, we consider it our pleasant duty 
to thank M.V. Klassen-Neklyudova and A.A. 
Urusovskaya for kindly presenting the samples. 
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The intersection of twinning layers on deformation of a calcite single crystal by a con- 
centrated load was studied. The retardation of elastic twin layers without blocking of 
the residual twin layer and the development of cracks along cleavage planes when one 
twin layer intersects another are described. 


The application of a method enabling individual] 
twins to be followed has made it possible to eluci- 
date the main laws governing the development and 
propagation of single twinning layers on plastic de- 
formation in both ionic and metal crystals [1,2,3]. 
However, the development of a single twinning 
layer only takes place in certain conditions of load- 
ing (for calcite, in the presence of concentrated 
shear stresses in the twinning plane). For an ar- 
bitrarily applied load (most important practical 
case), there is simultaneous twinning in several 
systems. The number of such systems depends on 
the symmetry of the crystal; in calcite, bismuth, 
and antimony there are three, and in zine six. In 
order to understand the deformation of crystals by 
twinning fully, we must know not only how individu- 
al twinning layers develop, but how these interact 
on mutual intersection. 

In this paper we shall set out some results of 
a study on the interaction of twinning layers in cal- 
cite single crystals. Calcite is advantageously dis- 
tinguished from other crystals in that, first, the 
interaction of twinning layers in it may be con- 
sidered theoretically (see [4,5]); second, twinning 
in calcite may be observed in the pure form (not 
complicated by the occurrence of slip); and, third, 
the transparency of calcite makes it possible to see 
the three-dimensional picture. 

In the experiments we used prismatic samples 
cut from calcite single crystals in such a way that 
the bases of the prism were parallel to the twinning 
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plane (110). The samples were then polished on a 
cloth with chromium oxide. 


The twinning experiments were carried out on 
several forms of Garber's apparatus. The load on 
the deforming blade was applied by means of a 
lever, one end of which was attracted by an electro- 
magnet. Smooth variation and measurement of the 
load were effected by varying the current in the 
coils of the electromagnet. The value of the load 
was determined from a previously constructed 
calibration curve. The twinning was observed and 
photographed by means of a microscope set up per- 
pendicular to the side of the sample. 


In view of the fact that the construction of the 
apparatus did not permit twinning to be effected in 
two planes simultaneously, only the interaction of 
an elastic twin with a thin residual twin obtained 
earlier was studied. This primary layer had a 
thickness of 1-2 py. 


An elastic twin arising on application of a load, 
after reaching a certain critical size, rapidly in- 
creases in length (just as on passing into a residual 
layer [1]). However, on meeting a residual twin 
layer in its path it does not penetrate through it, 
but is held up by it. On removing the load the twin 
vanishes completely, no traces remaining in either 
the parent crystal or the residual layer. It should 
be noted that we have never observed the free prop- 
agation of an elastic twin of such large dimensions 
(length about 6 mm) in crystals of this size. 


TWIN LAYER INTERSECTION IN 


Fig. 1. Intersection of twinning 
layers in calcite with displacement 
of the elastic twinning layer (arrow) 
parallel to itself. x 25. 


The repetition of twinning leads to the same re- 
sult. If we continue to increase the load, the twin 
ultimately penetrates through the residual layer. 
This, however, does not take place at once, but 
only for considerable overloadings (order of 8 kg). 
Before this, the twin retains elastic properties at 
all times. After breaking through the layer, the 
twin simultaneously broadens. If the load is notre- 
moved rapidly after the intersection, the sample 
collapses. 

After passing through the residual layer, the 
elastic twin aves not remain elastic; it transforms 
into quite a t! .ck stable layer which at the point of 
intersection appears shifted parallel to itself (Fig. 
1). Itis hard to explain this shift by the existence 
of a secondary twin in the residual layer, as occurs 
in metals, since the residual layer is very thin and 
the shift quite large. 

Figure 2 shows the dependence of the length of 
the elastic twin on the applied load. At the onset of 
twinning there is the ordinary growth of a twinlayer 
proportional to the load (continuous line on the 
graph). For a load of 4.3 kg (in the present experi- 
ment), the elastic twin comes up to the residual 
layer in one jump, but still remains elastic. Fur- 
ther increase of the load produces . 1 change in the 
dimensions of the twin, and only at 7.55 kg does the 
elastic twin pass through the residual layer. If the 
distance between the residual layer and the face of 
the sample on which the concentrated load is acting 
is shorter than the maximum length of the elastic 
twin when there is no residual layer in the sample, 
then the sudden change in the length of the twin be- 
fore contact with the stable layer does not take 
place. The graph for this case is shown in Fig. 2 
by a broken line. 

In some cases there is a more complex inter- 
section of twinning layers. An elastic twin, after 


CALCITE CRYSTALS 337 
Oo 7 

= 

ahi 

ao 

a 

oe 

2 JZ 

we) 

g é 

tore) 

al 

o 

| 

0 ] 2 3 4 5 6 7 Load 
Fig. 2. Graph showing the dependence of the length 
of an elastic twin on the load on intersection with a 
stable twinning layer. 
touching some point of a stable layer, stops. For 


some load (4.75 kg in one of the experiments), 
wedge-shaped petals grow from the point of contact 
in the direction of the cleavage plane (indicated by 
figures 3 and 4 in Fig. 3); these have only one point 
incommon with the primary residual layer and inter- 
sect the secondary layer along the [110] line. 

These petals disappear on removing the load, 
no traces remaining. Geometrical construction, al- 
lowing for the deformations arising (see below), 
leads to the conclusion that the petals are micro- 
scopic cracks capable of healing themselves on re- 
moving the load. On increasing the load further, the 
cracks increase their dimensions still further. For 
a load of 6.8 kg, the elastic twin breaks through the 
residual layer and itself passes into the stable state. 
At the same time crack 3 (Fig. 3) stops growing, 
and twin 5 branches out below it parallel to the 
elastic twin, which intersects the residual twinning 
layer 1 and the blocked petal 4. A qualitative ex- 


Fig. 3. Intersection of twinning layers 

in calcite with crack development in 

the cleavage plane, (1) Stable twinning 
layer. (2) Elastic twinning layer grow- 
ing from top to bottom. (3) Crack (petal) 
from which twinning layer 5 proceeds 
downward. (4) Second wedged petal, Ar- 
rows indicate directions of displacements 
of atoms on twinning. 
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planation of the effects observed may be obtained by 
considering the deformation accompanying twinning. 

When twinning takes place there is a rotation of 
the crystal lattice through a certain angle. The re- 
lative displacements of atoms lying on opposite 
sides of the twin layer associated with this rotation 
are proportional to the thickness of the layer. In 
the case of an elastic twin, which in the equilibrium 
state has a wedge-shaped form, the greatest dis- 
placements occur at the loading surface, and the 
step illustrated in Fig. 3 develops. At the wedge 
end of the elastic twin the relative displacements of 
the atoms are zero. When, however, the end of the 
elastic twin touches a stable layer, an increase in 
the load no longer lengthens the twin, but broadens 
it. This breaks up the equilibrium configuration of 
the elastic twinning layer. The end of the twin 
ceases to be wedge-shaped, and a pair of forces 
arises and tends to create the same step at the end 
as that at the surface of the crystal. This pair of 
forces is directed almost perpendicular to the 
cleavage plane, and,naturally,when it exceeds the 
rupture strength of the calcite along the cleavage 
plane, a crack results. The formation of a new 
twin at the end of the elastic crack may be explained 
as twinning under the influence of bending forces, 
which creates a further step, reducing the stress 
concentration in the crack. 

We must emphasize again that in all cases the 
intersection of the thin residual twin by the elastic 
twin demands a considerable increase in external 
stress. This cannot be explained simply by the fact 
that, on creation of a new orientation in the crystal 
lattice in the residual twinning layer, the force is 
no longer applied in the twinning plane. Experiments 
made on twinning in calcite by a force applied at an 
angle to the twinning plane show that, for the de- 
velopment and propagation of a twinning layer,some 
increase in the applied force is required, but thisis 
not large. Clearly we must remember that, ina 
thin stable layer,compressed by the mass of the 
main crystal, there cannot be a free realization of 
the deformations necessary for the development of 
a secondary twin. Moreover, it is possible that at 
the twin boundary there is a "faulty" lattice consti- 
tuting a transitional zone between the original and 
twin orientations in the crystal and leading to con- 
siderable hardening. 
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In an earlier paper devoted to a theoretical 
study of elastic twinning in calcite [5], it was con- 
cluded that an elastic twin could not penetrate from 
one block of a crystal into another if the difference 
in orientation exceeded a few seconds. This conclu- 
sion is confirmed experimentally by studying twin- 
ning in mosaic crystals of sodium nitrate [6]. In 
the light of the experimental data presented in the 
present paper, it would be interesting to make a 
mathematical calculation of the intersection of twin- 
ning layers in calcite. This calculation could also 
be useful in estimating the surface energy of the 
cleavage plane of calcite if we analyze the process 
leading to the development of elastic petal cracks in 
the cleavage plane. 


Conclusions 


We have studied the intersection of an elastic 
twinning layer with a thin stable twinning layer in 
calcite. The elastic twin penetrates through the re- 
sidual twin as the load increases, at the same time 
shifting parallel to itself. At the point where the 
elastic and residual twins touch, self-healing (elas- 
tic) cracks occur in the cleavage planes. 
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The intersection of twinning layers in s 


ingle crystals of antimony, bismuth, and zinc 


was studied. Various cases of the interaction of twinning layers on intersection are 
described. Schemes to explain the observed effects are presented. The intersection 
effects in the various metals are compared. 


Results of a study of phenomena taking place 
when twinning layers intersect in a calcite single 
crystal were given in [1]. It is interesting to ex- 
tend this work to metals in which twins form easily. 
In this paper we shall study the intersection of twin- 
ning layers in single crystals of antimony, bismuth, 
and zinc. The elastic stage of twinning in metal 
crystals was only found in antimony [2]. Hence, in 
studying bismuth and zinc, residual twinning layers 
were examined. 

The intersection of twinning layers in the 
metals considered was studied in samples of dimen- 
sions 3 X 5 X 10 mm cleaved from single-crystal 
plates along the cleavage planes. Deformation was 
effected by means of a simple attachment placed on 
the object stand of a metallographic microscope. 
This consisted of clamps for the sample and blade, 
with a screw for smooth application of load, and en- 
abled the sample to be bent in various planes or de- 
formed by a concentrated load. Twinning was ob- 
served directly in the cleavage plane during de- 
formation. It was thus possible to capture the very 
fine effects occurring in the intersection of twinning 


layers; in the ordinary metallographic method of ob- 


servation these are eliminated in polishing the sec- 
tion [3]. The fact that one twinning layer can pene- 
trate through another was established in [4], where 
the ordinary metallographic method was used, but 
no details of the intersection were observed. 


On studying the intersection of twinning layers 
in metals by observing their traces on the cleavage 
planes, we noted the following cases of interaction. 

First Case of Interaction. The grow- 
ing twin layer meets another earlier-developed 
layer in its path. In order to create this kind of in- 
tersection, a twinning layer was first formed in one 
direction in the single crystal, then the position of 
the sample in the deforming apparatus was changed 
so that the load produced a twin in another direction 
without appreciably altering the former one. 


Fig. 1. Three-dimensional scheme of the 
most general case of interaction between 
twins in two different directions on inter- 
section, The partly shaded horizontal 
twin developed first. The new twin prop- 
agates from top to bottom. Arrows indi- 
cate the direction of deformation on twin- 
ning. 
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Under these conditions. twin interaction of the 
kind shown in Fig. 1 occurred. While the twin 
layers were still not touching each other, their de- 
velopment took place on the ordinary basis [2]. On 
touching the old twinning layer 6, the new twin 1 
stopped increasing its length for some time. In- 
creasing the load at this stage simply broadened the 
twinning layer 1. Later, the new twin 1 was able to 
create a secondary twin 2 as a continuation of itself 
in the old twin 6. At the point where twin 2 emerged 
another twinning layer 3 developed and propagated in 
the same direction as 1. Thus, at the intersection 
point twin 1 suffered a break, but without losing its 
continuity. On further increasing the load, both the 
primary twins 1 and 3 and the secondary 2 continued 
growing. The broadening of the secondary, however, 
was insignificant compared with that of the primary. 

This penetration of one twin through another, 
without breaking, by the formation of a secondary 
twin, is found most frequently in antimony. At the 
place where the layers intersect they become 
blocked and transform into residual twins. The 


Fig. 2. Interaction of twins in zinc. 
View of (0001) plane. The hori- 
zontal layer 1 developed first; 2 and 
3 are secondary twins; 4 and 5 rep- 
resent a break intersection. x 90. 
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elastic properties of the primary twin remain only 
outside the limits of the intersection. No vanishing 
of the secondary twin was observed. 

The penetration of one twin through another by 
way of the formation of a secondary twin is always 
possible in antimony when the load is large enough. 
In bismuth this interaction is rarely found; it usual- 
ly occurs when the old twin is thinnish, of the order 
of 0.03 mm; in zinc it occurs still more rarely and 
only under special conditions; for example, on bend- 
ing in a plane parallel to the plane of the old twin 
(Fig. 2). 

In zinc, a new twin meeting an old is often only 
able to produce a secondary twin in the old one 
(Fig. 3b, part 3). On the other side of the intersec- 
tion no new twin is produced even on substantially 
raising the load, which leads merely to a slight 
broadening of the secondary twin. Even more fre- 
quently in zinc, the new twin, meeting an old one on 
its way, stops propagating altogether, not even pro- 
ducing a secondary twin (Figs. 3a, b, parts 1). 

The most typical kind of intersection for zinc is 
the break type; the new twin comes up to the old, is 
stopped, and then, when the load reaches a certain 
value, a continuation of the original twin arises on 
the far side of the old twin. No secondary twin is 
developed (Fig. 2, layers 4 and 5). 

In bismuth,we also find the penetration of one 
twin through another without a break; increasing the 
load may lead subsequently to the development of 
secondary twins. The development of secondary 
twins takes place with greater difficulty, the wider 
the old twin. Most frequently in bismuth the inter- 
action of the twins takes place entirely as in the 
scheme of Fig. 1. This scheme is realized for a 
small thickness (order of 0.01 mm) of the old twin. 
The sequence in which the twins develop may vary 


a 


b 


Fig. 3. (a) Initial stage of interaction of intersecting twins 
in zinc during simultaneous growth. x 90. (b) The same 
part of the crystal after increasing the load. x 90. 
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Fig. 4. Interaction of twins in the 
(111) plane in bismuth. The 1 is 
the twin developed first; the arrows 
show the sequence of propagation 
of the new twin. x 90. 


considerably. For example, twin 1 (Fig. 1) may 


first produce twin 5, then twins 2 and 3, and then 4. 


It may also occur that all the twins develop almost 
simultaneously in one jump. 

We were unable to observe interaction wholly 
on the scheme of Fig. 1 in zinc. In antimony such 


interaction occurs, but without the secondary twin4. 


We should mention that our main observations 
were made in certain planes [(0001) for zinc, (111) 
for bismuth and antimony] which were not parallel 
to the displacements of the atoms on twinning,i.e., 
for cases in which these planes intersected the 
twins across rather than along. We also made some 
experiments on metallographic sections taken from 
bismuth crystals along secondary cleavage planes, 
and also on sections taken from zinc crystals per- 
pendicular to the cleavage planes. In both cases the 
twins were intersected along their length. The re- 
sults were analogous to those found in the principal 
cleavage planes. 

By way of example, we show a photograph of 
the interaction of twins in bismuth in the (111) 
plane leading to the formation of a secondary twin 
(Fig. 4). It should be noted that in these planes we 
only found the simplest interaction schemes. 

The development of secondary twins on the in- 
tersection of primary twins may be explained as 
follows. When the new twin 1 (Fig. 1) comes up to 
the old one, at the first instant they touch at only 
one point; since insufficient stress is yet applied to 
the boundary of the primary twin, no secondary 
twin arises at this stage. Increasing the load and 
broadening the twin 1 leads to an increase in the 
area of contact with the layer 6. Shear stresses 
are thus applied to the side of the old twin, corre- 
sponding to those displacements which accompanied 
the development of twin 1 (shown by arrows in Fig. 
1). In order that twinning should occur in layer 6, 


Fig. 5. Deformation of a 
crystal for the second case 
of interaction. Bending in 
a plane perpendicular to 
the cleavage plane, 


the stresses must be applied in a favorable direc- 
tion. In view of the symmetry of the lattice rear- 
rangement on twinning, the direction of the applied 
stresses in the case of intersecting twins coincides 
with the direction of twinning in the old twin. Hence 
it is natural that on intersection, after reaching a 
definite load, one twin should produce a secondary 
twinning layer in the second. 

It is considerably more complicated to explain 
the rectilinear penetration of one twin through an- 
other involving a break in continuity. Here we can 
only express the view that the decisive role is 
played by the fact that the horizontal twin has a 
wedge-shaped form and does not pass right through 
the crystal. Hence, the regions situated on opposite 
sides of a large stable twin are parts of one and the 
same single crystal. This facilitates the rectilinear 
penetration of the twinning layer.since it does not 
pass right through the old stable twin, but around it 
underneath. It may also be that the rectilinear trans- 
fer of deformation is favored by slip in the second 
twin; this has the required direction in zinc and bis- 
muth. 

Second Case of Interaction. The in- 
tersecting twins of two different systems develop 
almost simultaneously, and on increasing the load 
both increase their transverse dimensions. One 
case of loading for which this interaction is obtained 
appears in Fig. 5. 

In zinc, the initial stage of interaction takes 
place rather differently from that which occurs in 
the first case. Thus, in Fig. 3a (section O) we can 
see clearly how the inclined twin bends part of the 
vertical twin and creates considerable distortion at 
the point of intersection. In Fig. 3b we see the same 
part of the crystal under greater load. No second- 
ary twins developed here. 

The intersection of twins in zinc presents hard- 
ly any obstacle to the broadening of each twin indi- 
vidually. On broadening they form a complex sys- 
tem, being sharply distinguished from one another. 
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The intersecting lines of separation at the cross- 
over are clearly seen in Fig. 3b (section 2). Out- 
side the intersection region, the development of the 
twins continues in the usual fashion. 

In bismuth, at the point of intersection, the de- 
velopment of twins takes place less freely and with 
greater crystallographic regularity. First, no bent 
section arises; second, all the lines of separation 
are distinguished by great sharpness. It is a fea- 
ture of bismuth that two sections of intersecting 
twins giving analogous displacements may pass into 
one another even without any visible boundary ,form- 
ing a bent but monolithic twinning layer. 

In antimony mutual intersection has a sharp ef- 
fect on the subsequent development of twinning 
layers. At the point of intersection these remain 
very narrow and only broaden freely at some dis- 
tance away. 

This difference in the nature of the intersection 
in the metals in question is evidently due to the fact 
that deformation by slip does not occur equally 
easily in antimony, bismuth, and zinc. In zinc the 
twinning process at the point of intersection of the 
twinning layers is supplemented by slip, which takes 
place quite easily in this metal. This leads to acon- 


cleavage plane 


Fig. 6. Deformation scheme 
for the mutual intersection 

of twins. Bending in a plane 
parallel to the cleavage plane, 
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siderable increase in the region of distortions. In 
antimony, slip is practically absent. At the point 
of intersection, displacements in different direc- 
tions develop and retard one another. Since de- 
formation can only be effected by twinning, twins do 
not develop in this region. 

Third Case of Interaction. Two twin- 
ning layers begin growing simultaneously from dif- 
ferent places and,on reaching a certain load, inter- 
sect. This takes place, for example, on bending a 
ductile crystal around an axis perpendicular to the 
cleavage plane if the orientation of the crystal al- 
lows twinning layers to develop simultaneously in 
two twinning systems (Fig. 6). In bismuth, in this 
case, twinning layers (even thin ones) block one 
another on meeting. In the photograph presented in 
Fig. 7, in the lower part of the crystal the light 
twin stops a series of dark ones; in the upper part 
of the same crystal a dark twin blocks a light one. 
Increasing the load leads to_the development of weak 
secondary twins. 

Fourth Case of Interaction. After 
intersection, one twin layer finds favorable growth 
conditions and the other does not. 

In this case there is absorption of one twin by 
the other. Here an initially thin twinning layer is 
entirely filled up with secondary twins (Fig. 8), and 
then additional distortions develop, the nature of 
these not being susceptible to metallographic inter- 
pretation. In bismuth, with this interaction, the 
primary twin breaks up into individual bands. In 
antimony a wide twin near a narrow one breaks up 
into still finer parts. Absorption of a thin stable 
layer in antimony ends only in its being filled with 
secondary twins. 

The absorption of the thin twin takes place most 
completely in zinc. Successive stages of the pro- 


Fig. 7. Mutual blocking of twins in bismuth as in Fig. 6. In the lower 
part of the figure the light twin has stopped a series of dark twins; in the 
upper part a dark twin has stopped a light one. The arrows indicate second- 


ary twins, x 90. 
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a : es) 
Fig. 8. Absorption of one twin by 
another in bismuth, The arrow 
marks the absorbed dark twin, in 
which secondary light twins are 
clearly visible. x 90. 


cess are shown in Fig. 9. Figure 9a shows the ini- 
tial stage of interaction, when the twin layers are 
similar in magnitude and when one of the interac- 
tions described in the first case occurs. Figure 9b 
shows the moment of twinning when, in the part 
overlapped by the wide twin, the narrow twin is 
completely filled with secondaries and further de- 
formed, so that, in the place where it was, thesur- 
face has a hill-like relief. The wide twin is only 
split into parts, and hence the narrow one inter- 
feres little with its development. 

Fifth Case of Interaction. Sometimes 
in a wide twinning layer we may find the develop- 
ment of secondary twins without interaction of the 
former with a twinning layer in another direction. 
The reason for these twins developing may be the 
creation, by some means, of stresses in the wide 
twin. If conditions are created for the development 
of the secondary twins, then, on passing to the 
boundary between the twinning layer and the parent 
crystal, they may produce an ordinary twinning 
layer in the main crystal. However, in such cases 
the secondary twin is most often stopped by the 
boundary and develops no further. 


Discussion of Results 


From the experiments here made we may con- 
clude that in the majority of cases a residual twin- 
ning layer does not constitute an insuperable ob- 
stacle for the propagation of another twin. This fact 
cannot be regarded as trivial. We know that any 
process of plastic deformation breaking the regu- 
larity of the crystal lattice makes subsequent de- 
formation more difficult. Twinning produces con- 
siderable changes in the structure of a single crys- 
tal. A twinning layer always has appreciable size, 
and the orientation in it differs from that of the 
main crystal by tens of degrees. The crystal is thus 
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Fig. 9. Interaction of twins in zinc. 
(a) Initial stage. (b) Load in- 
creased; the twin for which the 
growth conditions are more favor- 
able has partly absorbed the thin 
one; K.90; 


split into individual parts, the boundaries between 
which, it would seem, should block any processes 
of plastic deformation. It turns out, however, that 
one twinning layer penetrates comparatively easily 
through another. 

It is interesting to establish an explanation for 
the easy intersection of twins: whether it is that, on 
twinning, the exclusive regularity of the crystal lat- 
tice is preserved or that, in metals, twinning by its 
nature is not sensitive to substantial distortions of 
the crystal lattice. In order to solve this problem, 
we may bring in data on twinning in crystals which 
are known to have a distorted crystal lattice (for 
example, deformed by slip) or in bicrystals, where 
the change in orientation at the surface of separa- 
tion is not subject to definite crystallographic rela- 
tionships, as occurs at the boundary separating a 
twin from the main crystal. 

From published data on this subject, supple- 
mented by our own, we arrive at the following con- 
clusion. Twinning easily takes place after the crys- 
tal has been subjected to considerable deformation 
by slip. An illustration for bismuth is given in Fig. 
10. It was shown in [5] that twins of zinc crystals 
subjected to elongation by tens of percent are no 
different in principle from twins obtained in unde- 
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Fig. 10. Twinning after slip in bismuth, 1 and 
2 are twinning layers. The break in the slip 
lines is connected with the fact that the twins 
create a certain relief on the cleavage plane. 
x 540. 


Fig. 11. Slip after twinning in bismuth, The 

slip bands are stopped by the twins. 1 = twin- 

ning layer; 2 = slip bands. x 540, 
formed crystals. Our own observations entirely 
confirm this. It is well known that on slip a single 
crystal breaks up into a number of individualblocks, 
rotated with respect to each other [6]. Slip, how- 
ever, does not penetrate through twinning layers 
(see Fig. 11). 

On the twinning of bicrystals there is often 
penetration of the twinning layer through the boun- 
dary. We studied zinc bicrystals, the orientations 
of the components differing by 1 to 30°, and an an- 
timony bicrystal with a difference of 15° in the 
orientation of the components. In all cases, the 
twinning layers penetrated through the intergrain 
boundaries for certain loads, increasing their trans- 
verse dimensions at the boundary. Only for a large 
difference between the orientations of the compon- 
ents was a partial narrowing of the twinning layer 
possible at the intergrain boundary (see Fig.12). 
These data support the idea that in metals twinning 
has a weak effect on the distortion of the crystal lat- 
tice. 

It should be noted that twinning, at room tem- 
peratures anyway, is accompanied by additional 
plastic effects facilitating the intersection of twins. 
Of the metals studied, zinc had the greatest ductil- 
ity and antimony the least. At the same time, such 
processes as the absorption of one twin by another 
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Fig. 12, Penetration of twins 
through. the boundary of a zinc 
bicrystal. x 90. 


take place most easily in zinc. In zinc the intersec- 
tion of layers has hardly any blocking action for 
simultaneous expansion of the layers, while in an- 
timony the blocking effect is great. 

In view of what has been discussed, we con- 
sider the data on the intersection of twins in cal- 
cite [1] to be extremely important; in this,only 
cracking in the cleavage planes and twinning are ob- 
served. In calcite, the intersection of twinning 
layers takes place far less easily than in metals,as 
indicated by the need to apply heavier loading. The 
only process which can bring about twin intersec- 
tion is cracking in the cleavage plane. Hence, on 
the intersection of twinning layers in calcite cracks 
develop in the cleavage planes; this is not found in 
metals. It may be expected that in metals more 
brittle than antimony we shall also find cracks in 
the cleavage planes on the intersection of twins. 

More precise conclusions regarding the pro- 
cesses taking place on the intersection of twinning 
layers and regarding the disruption of the crystal 
lattice on twinning must await further study of these 
questions from both theoretical and experimental 
standpoints. 


Conclusions 


1. We have studied the intersection of twinning 
layers in bismuth, zinc, and antimony. We have 
shown that: a) twins easily penetrate through each 
other with or without the formation of secondary 
twins; b) in certain conditions the layers block each 
other; c) one twinning layer may absorb another. 

2. We have compared the nature of the inter- 
action between twinning layers in zinc, bismuth, and 
antimony. 

3. We have given data on the penetration of 
twinning layers through slip bands and the grain 
boundaries, and the penetration of slip bands 
through a twinning layer. 
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A description is given of a focusing x-ray camera for precision measurement of cell 


parameters at —50 to +100°C for polycrystalline materials. 
cluding the film, is kept at a fixed temperature. 
is determined from light marks applied at the working temperature. 


The entire camera, in- 
The effective diameter of the film 
The perform - 


ance of the device is illustrated by reference to the thermal expansion of aluminum 


and bismuth. 


Thermal expansion is of considerable technical 
importance, especially over the range —50 to +100 
“G. The x-ray method is virtually the only one for 
determining the true expansion coefficients (not the 
mean ones) for a polycrystalline material, for it 
measures all the unit-cell parameters (e.g., the 
hexagonal repeat distances a andc). These coeffi- 
cients are small for most crystalline materials, so 
the parameters and the temperature must be meas- 
ured to 0.03% or better. 

Measurements at this level require patterns 
without pronounced line overlap, so they are pos- 
sible only for cubic, tetragonal, and hexagonal ma- 
terials, and then only if the cell is not too large. 
The distances between the lines give the cell param- 
eters; the temperature must not vary by more than 
1-2°C during the measurements. 

Measurements at moderate temperatures are 
most readily done with the entire camera heated; 
ordinary cameras may then be used. The upper 
limit of temperature is set by fogging of the x-ray 
film, and we have tested several films (Agfa Laue, 
Agfa Duro, Russian X and XX) with this in view. 
There is relatively little deterioration in a dry x- 
ray film kept at 100°C for 2-3 h, but most films 
withstand 110° only for 30-40 min. Moreover, the 
film tends to shrink at these temperatures, mainly 
during the first 10-20 min. It is thus possible to 
use a camera at 100-110°C provided that the total 
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time spent at that temperature is only 1-2 h. The 
films withstand —50 to —70° well, and this range is 
most easily covered with an RKF-86 (focusing) 
camera, which is meant for precision measurements 
[1], as the exposures are short. 

The RKF-86 is firmly mounted in a small 
thermostat (the RKF-86-T camera, Fig. 1). The 
body of the vessel is made of asbestos board, which 
is readily worked and is reasonably strong. One 
section of the heater is mounted in the base under 
the bottom of the heater, being covered by an alumi- 
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Fig. 1. Schematic section of the RKF-86- 
T camera: (4) demountable parts of 
thermostat; (2) base of thermostat, attached 
to RKF-86 camera; (3) lamp; (4) specimen; 
(5) and (6) parts of heater; (P) spring press- 
ing on thermocouple; (O) hole for thermo- 
couple leads, 


THERMAL EXPANSION 


Fig. 2. Temperature-stabilization system employing 
an EPD-17 electronic potentiometer. 


num plate attached to the camera. 
is formed by an asbestos tube of internal diameter 
125 mm and wall thickness 12 mm. The top plate 
is screwed on and carries the second part of the 
heater; it is readily removed to allow the specimen 
to be changed. The temperature of the camera 
(specimen) is recorded by a thermocouple, whichis 
inserted through the bottom of the thermostat andis 
pressed onto the brass body of the camera by a 
spring. The camera temperature may also be meas- 
ured with a thermocouple inserted through the top 
plate. The thermometer is supported in a recess, 
which also provides good thermal contact with the 
camera. The film is mounted in the RKF-86 cam- 
era along the inner cylindrical surface and is 
pressed onto the latter by clamping strips at the 
ends. These strips are held by screws. The film 
alters in length as the camera is heated, so the 
ends cannot be held rigidly; a gap must be left to 
allow the film to be kept continuously pressed onto 
the body of the camera. 

The temperature is stabilized as follows. The 
sensing element is a bimetal that controls the heater 
via a relay; this maintains the temperature to with- 
in 1-2°. If closer control is needed, an electronic 
potentiometer (Fig.2) is used, the sensing element 
here being two chromel—copel thermocouples in 
series. The hot ends are coated with cellulose ace- 
tate to insulate them from the body of the camera. 
The cold ends are immersed in a Dewar containing 
melting ice. The relay system in this case is pro- 
vided by an EPD-17 electronic potentiometer cali- 
brated for platinum against platinum — rhodium. The 
two couples provide 14 mV per 100°C, which ex- 
tends the control range to 120°C, with control to 
about a tenth of a degree. The recorder of the 
EPD-17 also indicates any variation in the tempera- 
ture. One of the three channels is used to provide 
rapid initial heating, while the other two provide 
stabilization within set limits. The camera ex- 
pands on heating, but the film contracts irrever- 
sibly. In addition, the film changes in size during 
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The vertical wall 
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Fig. 3. Method of determining the effective 
diameter of the film. 


processing. The effective diameter at the time of 
recording must be known in order to determine the 
reflection angles; the method previously used with 
the KMSP camera [2] may be employed. The edge 
of the top cover on the camera bears a brass cylin- 
der that extends 5-7 mm over the film and retains 
it. This cylinder also contains a pea bulb and has 
two holes (0.5 mm each) placed along a diameter. 
The light from the lamp passes through these holes 
to produce marks corresponding to the diameter of 
the camera. The top cover may be turned through 
about 180° to produce a second pair of marks. The 
exposure is adjusted to give marks of contrast such 
as to provide very precise measurement of the po- 
sition. Figure 3 shows that the distances 1; and l, 
between the points enable one to determine the 
diameter of the film to about 0.02 mm. There is 
no need to have the lamp exactly at the axis of the 
camera, because the holes are exactly at the ends 
of a diameter and so are precisely 180° apart. The 
only important requirement is that the axis of this 
ring should coincide with the axis of the film. 

The RKF-86-T records reflection angles be- 
tween 60 and 88°. The distance 2S between sym- 
metrically placed lines gives the reflection angles 
from 


3 = 90° — 28-.M, (1) 
where 
573 45° 
MS PREP 


The RKF-86-T may be used below room tem- 
perature also, because the thermostat provides 
good insulation; the camera and thermostat are 


348 


Vv. V. ZUBENKO AND M. M. UMANSKII 


OO 


Sub- Temp., 


stance °@ angle 


Reflected 


Radiation| /! 5, 108 


— 46 — + 102 


83° —— 80°23’ 


Cu K, 27 


Al 
+19 —+96 


81°06’ — 80°28’ 


Co K, 20 


89°27’ 
F123" 
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Fig. 4. Relation a = f(t°) for Al (broken line from [8]). 


cooled to the required temperature and the subse- 
quent rise is so slow that there is little change (only 
1-2°C) during the exposure time (about 45 min). Dry 
ice may be placed between the walls of thermostat 
and camera to produce temperatures below 0°C;the 
thermostat may also be surrounded by dry ice. Any 
temperature below 0°C may be maintained for an 
adequate time by suitable precooling and by adjust- 
ment of the amount of dry ice. Of course, the tem- 
perature is then not so stable as when the camera 
is heated above room temperature. 

This RKF-86-T camera has been used at vari- 
ous temperatures and with various radiations on 
aluminum and bismuth’; Figs. 4 and 5 give the unit- 
cell parameters as functions of temperature. 

Both substances gave linear relations, but the 
values for bismuth showed rather a large spread, 
partly because they have to be deduced via a sys- 
tem of equations (the quadratic form for the hex- 
agonal system contains a andc, as well as the re- 
flection indices). We calculated a and c from the 
0442 and 3145 reflections. 

The coefficient of thermal expansion @ is de- 
fined by 


- 80°40! ()442 
Sa als 


c axis 
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03040506010 80 90 


100 °C 


a axis ° 


4539 F: 


= (2) 
The error is 


2Aa 
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in which At is the error in the temperature meas- 
urement and Aa is the error in the parameter 
measurement. We may express AQ with sufficient 
accuracy as 


2-Aa 
(t2—h)a’ ne 
The table gives the results for Bi and Al. 
Figure 4 shows our results for aluminum and 
also those given in [3]; the slight difference between 
the two sets may be due to difference in purity. 


Aa = 


‘The patterns were measured with an IZA-2 comparator; 1, and 
1, were determined with errors not exceeding 0,05 mm, and 2S 
with an error not exceeding 0.1 mm. 
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A description is given of a simplified apparatus for measuring the integral intensities of 
x-ray diffraction lines, which is based on a standard URS-55 instrument together with 


parts of an OSK-1 optical bench, PS-64 scalers, and RM-4 Geiger counters. 
Stabilization (of voltage or current) is not used, the 


in reflection angle v is 5 to 74°. 


The range 


beam intensity being monitored by a separate counter. 


Geiger counters provide rapid and accurate in- 
tensity measurement for x-ray lines. 

Any ionization method differs essentially from 
the photographic method in that the measurements 
are made at isolated points and at different times, 
which imposes severe demands on the stability of 
the radiation source. Voltage and current stabili- 
zation can give. an adequately constant intensity, and 
the standard Russian URS-55 equipment satisfies 
these demands,while providing a flexible means of 
recording the geometry and intensity distribution of 
an x-ray diffraction pattern. However, the geometry 
of the pattern is often simple and already known, in 
which case the only task is to measure the relative 
line intensities. This implies a great reduction in 
the requirements, because the reflection angles 
need not be measured very precisely; in particular, 
there is no need for instruments to record the in- 
tensity as a continuous function of reflection angle. 
An apparatus to meet these requirements is easily 
built up from standard units and components. 

The apparatus described here is intended for 
the examination of lattice distortion at the atomic 
level in polycrystalline metals and alloys;itis based 
on a URS-55 bench-mounting x-ray system together 
with PS-64 scalers. Figure 1 shows the essential 
parts. 

The beam from the x-ray tube is reflected bya 
flat monochromator crystal attached directly to the 


tube; the reflected beam passes through a 20-u 
aluminum foil, which attenuates it somewhat. The 
beam falls on the specimen, which may be turned 
around an axis perpendicular to the beam. The pat- 
tern is recorded by a counter that may be turned 
around the same axis. The incident beam is moni- 
tored by means of one of the diffraction lines from 
the aluminum foil, which is received by a monitor 
counter. All other diffracted beams from the foil 
are blocked out by lead and aluminum stops. 

This system eliminates the need for current or 
voltage stabilization, because a monitor counter is 
used in the working beam, which avoids difficulties 
commonly arising from wander in the focal spot, 
evaporation onto the tube window, alteration in the 
monochromator crystal, etc. All line counts are re- 
ferred to some fixed number of counts recorded by 
the monitor. 

A beam monitor is sometimes used in the beam 
from the other window of the x-ray tube, but only in 
short-term measurements [1]. This approach re- 
quires a monochromator in the second beam, be- 
cause the intensity of the continuum does not vary 
in the same way as that of the characteristic radia- 
tion. The usual monochromator crystal does not re- 
move the continuum entirely, because the reflected 
beam still contains a proportion of continuum de- 
pendent on the operating conditions of the tube and 
also on the setting and perfection of the monochrom- 


350 


GEIGER COUNTER MEASUREMENT OF X-RAY REFLECTIONS 


Fig. 1. The diffraction system: (1) 
X-ray tube; (2) monochromator crys- 
tal; (3) aluminum foil; (4) monitor 
counter; (5) specimen; (6) working 
counter, 


ator crystal. It is rather difficult to obtain two iden- 
tical crystals and to set them up in identical ways, 
the more so because the reflectivity tends to vary 
in time in a way dependent on the particular crystal. 
The best results are therefore obtained with the 
monitor in the working beam, but sometimes the 
working conditions force one to insert the monitor 
in the second beam, in which case it is best to in- 
sert an aluminum foil and use one of the diffraction 
lines, as for the working beam. This gives rather 
better performance in the monitor (which now re- 
ceives virtually monochromatic radiation), though 
this is still inferior to that for the working beam. 

PS-64 scalers linked to mechanical registers 
are used to record the counts. The working volt- 
ages at the counters are chosen from response 
curves recorded on the 111 line of a nickel speci- 
men. 

The monochromator is a pentaerythritol crys- 
tal, with the (002) cleavage plane used in reflection. 
This material was chosen on the basis of its high re- 
flectivity and small reflecting angle (about 10°), 
which provides a very convenient layout of tube, 
crystal, and specimen, as well as reducing the time 
required for a single measurement to about 2 min. 
Table 1 [2] gives the relative reflection intensities 
for Cu Ka for several materials. 

It is easy to prepare pentaerythritol crystals of 
quality suitable for the purpose. Our system oper- 
ates satisfactorily with a crystal about 5 x 3 mm 
and 0.5-1 mm thick. Single crystals of size large 
enough to yield such plates (or somewhat larger 
ones) may be grown at a variety of temperatures 
from several solvents including water. Good crys- 
tals will grow spontaneously on slow cooling of 
aqueous HCl (1 part concentrated acid, 18 parts 
H,O) saturated at 20-30°C above room temperature; 
but better ones are obtained by inserting single crys- 
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TABLE 1 
Substance Relative intensity 

Rocksalt 31 
Lithium fluoride 93 
Quartz 43 
Aluminum 29 
Diamond 120 
Graphite 620 
Pentaerythritol 115 


tals as seeds attached to glass fibers with mineral 
wax. Only completely transparent crystals should be 
used as monochromators, for these give strong 
sharp reflections and reproducible reflectivity. The 
compound does have the disadvantage of a certain 
susceptibility to attack by atmospheric water vapor, 
so it is best to coat the crystals with some imperm- 
eable lacquer, e.g., nitrocellulose dissolved ina 
mixture of amyl acetate with acetone. This does 
not provide perfect protection, but the crystal re- 
mains serviceable for over 1 year. 

The crystal may be mounted in a special holder 
[3], which is attached directly to the metal case of 
the URS-55 tube; it contains a rectangular metal 
plate having holes to pass the incident and reflected 
beams, the latter going to a cylindrical collimator. 
The tube is set to pass the reflected beam along a 
diameter of an OKS-1 circular optical bench, which 
carries an RM-4 counter. The specimen holder lies 
‘at the center of this circle, and its angle of rotation 
is read from a scale graduated in degrees. The 
crystal is set 12 cm from the plane of the specimen, 
which is at the same distance from the slit on the 
counter. The angular position of the counter is read 
on a second scale. The working range in the reflec- 
tion angle # is 5 to 74°. 

The specimen is set to the appropriate 3 (rela- 
tive to the undeviated beam), while the counter is 
set at an angle close to 2. A range of about 3° 
covering the diffraction line is scanned, withmeas- 
urements at steps of 0.5°. The slit width is set at 
4 mm, which corresponds to about 2° of arc, or 3- 
4 times the normal width of a line at the working 
distance. The line intensity can be measured with 
the counter in a fixed position in this way; the 
counter need be moved only in order to determine 
the exact position corresponding to 2%, at which the 
count rate is maximal. Similarly, the specimen 
may be set to the optimal position (that giving mini- 
mum absorption factor) corresponding to the angle 
3 between the surface of the specimen and the prim- 
ary beam. 

The reproducibility has been tested with a flat 
specimen of unannealed nickel powder (111, 113, 
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and 133 lines). The line intensities were constant 
to 4%, while the ratios of 111 to 113 andof111 to133 
were constant to 3-4%. This testwas performed by set- 
ting up the specimen and counter afresh each time. 
In addition, tests were done without moving counter 
or specimen; here, the spread was about 1.5%, 
which is very nearly the random error of measure- 
ment, because about 11,000 counts were recorded 
in each measurement. The main source of varia- 
tion is thus due to difficulty in resetting the speci- 
men and counter exactly. The limit of detection 
was examined with rocksalt powder, which was 
found to give measurable intensities for all lines 
that can be recorded with copper radiation, includ- 
ing ones,such as 311 and 331, whose ratios to the 
strongest line, namely 200, are, respectively, 
2:100 and 1:100 [4]. 

The line intensities are always referred to the 
simultaneous readings on the monitor; the reading 
N, given by the working counter is normalized via 
the factor 5000/ N», in which N, is the number of 
counts recorded by the monitor, whose nominal 
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count rate is 5000 per minute. The normalized re- 
sult N is 


5000 
N2 ~ 


N SAN, 


We are indebted to our assistant N. E. Krav- 
chenko for his careful work on some of these tests. 
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Photographic and ionization methods are compared. 


It is shown that photographic methods 


are convenient for layerwise examination of the reciprocal lattice, while ionization methods 


are convenient for sequentialexamination of nodes. 


The various types of diffractometer 


are compared, as are the appropriate areas of use for the various methods of x-ray 
goniometry. A method is described for recording the entire possible interference field 
with a URS-50I fitted with a modified GUR-3 to convert the former to a diffractometer for 


single crystals. 


The most important of the problems that can be 
solved by x-ray goniometry are as follows: (1) de- 
termination of the type, shape, and size of the unit 
cell; (2) determination of laws of absence,and hence 
the x-ray group; and, (3) determination of Fy] 
(structure amplitudes). Other methods can be used 
for the first; the second requires examination of 
certain types of interference only, and does not 
make it essential to record all the diffraction pat- 
tern; and the third is the special area of x-ray 
goniometry which requires detection of all interfer- 
ences that are reasonably possible, or at least all 
of those with small reciprocal-lattice vectors H. 
The most important aspect at present is to find the 
optimal solution to the last problem. 

Photographic methods were long the only ones 
in this area [1-3], but recent advances in ionization 
methods have given rise to goniometers equipped 
with counters, which are often called diffractom- 
eters [4-7]. 

A photographic film consists of a vast number 
of point detectors that can store radiation effects; 
this enables a film to record the entire pattern (or 
much of it) simultaneously. 

A counter records the different points at differ- 
ent times; it is a detector of very high sensitivity, 
but it can handle only one point at a time, and this 
demands very high stability in the primary beam. 
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In addition, the method of recording has to be al- 
tered; it is undesirable to measure the pattern in 
the ways used with films. The methods could be the 
same if one could use a mosaic of counters with its 
entire (large) surface area sensitive to the x rays. 

A major advantage of the diffractometer is the 
very high sensitivity in conjunction with the simul- 
taneous recording of position and intensity in the 
peak; in addition, the intensity readings are usually 
more precise. 

Here we review the various methods used in x- 
ray goniometry and consider the areas in which each 
may be used to best effect. 


Relations Between Methods of Repre- 
senting the Reciprocal Lattice 


The main and specific problem in goniometry is 
intensity measurement on all possible reflections 
(determination of the weights of the reciprocal-lat- 
tice nodes). A given node is characterized by a vec- 
tor H, which may be specified in terms of the in- 
dices of the node and the coordinate vectors a*, b*, 
and e*: 


Hye = ha* +kb*+ le’. (1) 


*Read June 24, 1955, at the Fifth All-Union Conference on the Ap- 
plication of X-Rays to the Examination of Materials, 
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The reciprocal lattice may be considered as a series : 
of layers, as a family of parallel net planes com- 
posed of regularly placed nodes, or as a family of 
parallel straight lines also regularly built up from 
nodes. It is valueless to consider the reciprocal 
lattice as a set of nodes without relationships. 

The reciprocal lattice taken as a system of 
layers may be represented in cylindrical coordi- 
nates, i.e., H may be expressed in terms of its 
three components: &, the projection of H on the 
plane of the layer; ¢, the projection of H on anaxis 
perpendicular to the plane of the layer; and ¢, the 
angle between the coordinate axis (reference direc- 
tion in the plane of the layer) and the directionof &. 

The parailel-line representation makes it con- 
venient to consider the lattice in an orthogonal co- 
ordinate system having axes 7, € , and ¢; axis € 
coincides with the reference straight line of the 
family (it is natural to take € as lying along one of 
the coordinate axes in the reciprocal lattice,say b*), 
axis n is perpendicular to € in a coordinate plane of 
the reciprocal lattice (say, a*b*), and axis ¢ is 
normal to € and 7, and hence to the a*b* plane. A 
given node is thus represented in one case by com- 
ponents of H, namely,é, ¢, and ¥, and in the other 
case by the coordinates 7,&, and ¢. All nodes in 
the plane of the n-th layer in both cases correspond 
to the same ¢. The relations of ¢, §,¢9 ton,€,¢ 
are: 


st P+ 2 = H, 
52 4 7? = 8, 


y = §- tang 


(2) 


It is very common to represent the reciprocal 
lattice as a system of parallel layers in ¢,&,@ co- 
ordinates, on account of the common use of layer- 
line patterns, which may be considered as photo- 
graphs of the planes. Several books [1-3] deal in 
detail with this representation and with the relations 
of €,é,~, hkl anda*, b*, e*. The parallel-line 
representation in terms of &€,7 , ¢ is logical in dif- 
fractometer work, where the nodes are measured 
in sequence, e.g., all the nodes in one series, then 
all those in another, etc. 

We may relate e,7,& tohkl and to a*,b*,e* 
as follows for the cubic system. The unit cell of 
any other system may be considered as a distorted 
cubic cell, and the conversion may be made via the 
coefficients for the deviation [8], which are ex- 
pressed in terms of the cell parameters. The re- 
lation of eng to hkl and a* for the cubic system 
may be used with the appropriate conversion coeffi- 
cients to find the relation for any other system,e.g., 
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Orthorhombic 
a k/b, = h/a, a a l/c, 
or 
* * 
2=kb’, nH ha’, Sele’. (3) 
Triclinic 
FN k l ctg % 
pat nie es ~ (ctebtgd + 3% ); 
asin ' bsinacosA ¢ e cos A 
h l 
a et - —_— — cle om 
J asin % me iis 
Me! 
ee Cc ? 
F cos yY — Gos « cos 6 
va - : 
where er sina sin 
2 = kb* — ha" cosy" 
/ V sin?@* —sin?a* sin? A* 
* a i, ne * \ 
+ le (sine. clg y* cos A ain ys 


4 == ha* siny” — Ic* cos A* sin x” 
( | ’ 
C= lc’ sina’ sin A’, 


hes ea Tee a* cos ~* — cos B* 


sin «” sin y* 


Geometric Relations in Layerwise Re- 
cording 


This recording is specific to photographic 
methods; photographic goniometer patterns are al- 
ways representations of reciprocal-lattice planes. 
The common Weissenberg patterns are simply dis- 
torted images of these planes, and various graphic- 
al and other methods have been devised for convert- 
ing this to undistorted ones. In addition, methods 
have been developed for obtaining undistorted 
images directly, in which case the goniometer goes 
some way in elucidating the pattern instead of mere- 
ly recording it. The photographic methods are com- 
mon knowledge; layerwise recording is possible al- 
so with counters. 

The following are the geometrical principles of 
such recording. We assume that the crystal can 
rotate around an axis perpendicular to the a*b* 
plane, and the nodes are assumed to lie on straight 
lines parallel to the b* axis. The initial position of 
the crystal is taken to be such that the b* axis is 
perpendicular to the plane containing the primary 
beam and the axis of rotation. Let be the angle 
between the primary beam and the reciprocal-lat- 
tice plane, with v the angle between that plane and 
the reflected beam. 

We need: (a) the relation of uw andv to €, the 
height of the layer of the reciprocal-lattice plane 
under examination; (b) the relation of the rotation 
angle w of the crystal to the coordinates (n,¢,£)of 
the node in the recording position; (c) the relation 
of the azimuthal angle Y of the reflected beam to 
(7, &€,&); and, (d) the relation between Y and w. 
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Fig, 1. Reciprocal lattice and reflection 
sphere for the general case , # v; (s) 
center of reflection sphere; (sy) and (rp) 
center and radius of reflection circle 
(section of the sphere by plane n); (O) 
zero node of reciprocal lattice; (O') 


point where rotation axis meets plane n; Fig. 2, Reciprocal lattice and re- 
¢mki py) nodal line in reciprocal lattice; flection sphere for the perpendicu- 
(Py) node on line hmk/,; (P) node Py lar-beam case (yu = 0); symbols 
after rotation through w; (p) and (y) ac- analogous to those of Fig. 1. 
cessory angles; (Y ) angle between planes 
of primary and reflected beams; (¢.,,& ,¢) ay aN 
coordinates of node; (a) plane of primary Sue = Vinee ’ 
beam and principal axis; (b) plane n, C2n2 
ee 
We consider three cases: (1) the general case cosy = Z ae 6) 
of any uw and vp ; (2) primary beam perpendicular to Bae xa 
; : sgl sabia et ee ‘ “ ‘ 
potation axis, w = 0;and (8) u v (equal-inclina aout eas (cos + q - ) 
tion case). ae: 
4 


1. General case (Fig. 1): 
The choice of or v (but not both) is arbitrary 


siny—sinp =%, for the general case; in particular, cases w and v 
a= po, are uniquely determined by ¢, so the coordinates 
owt. F . a ee ee 252 E 4 
ie pS a ee alae a of the node determine all setting angles of crystal 
; Gh 2&) COS ; 


(4) and counter (which lies along the reflected beam), 
; namely u,v,w,Y . We have the very simple re- 


ei Be es lation Y = 2w for the central line (n = 0) of any 
2 60S ¥ GOS U : 
COS U. COS @ +- HA) 
cos Vv j 


1 


tan Y= 


ols 


Y =o-arce cos ( 


2. Perpendicular beam, pu = 0 (Fig. 2): 


Sin yeaa 
apt Y, 
: 4 — cosy cos Y Bg ka) 
sin p = ———ay Ay) sae 
tan ) = gs (5) 
py, aSe 22 es Boke 
cos Y - a ——- 
Dad meee eye 
. ee 
Y=o+ Vet Oe eee ee 
Vi—-e 
3. Equal-inclination case, uw =—v (Fig. 3): 
, aX 
sin y= o , 
@ = 0 spa) 


sphere for the equal~ ‘inclinationcase (1 = 


(Oe S , (6) Fig. 3. Reciprocal lattice and reflection 
4 
ait — v); symbols analogous to those of Fig. 1. 
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plane (arbitrary ¢) for the equal-inclination case; 
this provides a simple means of coupling the rota- 
tion of the counter to that of the crystal. 


Geometrical Relations in Linewise 
Recording 


Counter measurements are best made on nodes 
lying on straight lines in the reciprocal lattice, with 
subsequent transfer between such lines [9]. The 
design of the diffractometer makes it convenient to 
have the incident and reflected beams in a plane 
perpendicular to the rotation axis (4 =0,v =0). A 
crystal setting giving these lines (the densely popu- 
lated ones, say, parallel to axis b*) perpendicular 
to the principal rotation axis of the crystal allows 
one to bring any nodal line (family b*) into the equa- 
torial plane by rotation of the crystal around an ad- 
ditional axis parallel to this family of lines, ! and to 
record the nodes lying in it, as for the usual re- 
cording of the nodes in the zero plane (Fig. 4). The 
reflected rays then always lie only in the equatorial 
plane, so we may call this the equatorial method. 
The nodes on line hykly may be brought in turn in- 
to the recording position by rotation around the 
principal axis (also the rotation axis for the counter) 
after that line has been brought into the equatorial 
plane by rotation through y around the additional 
axis. It is convenient to have the nodal lines (and 
hence also the additional axis) perpendicular to the 


Fig. 4. Reciprocal lattice and reflection 
sphere for the equatorial method; symbols 
analogous to those of Fig. 1. Here, y is 
the angle of rotation of the hyklp nodal 
line in the equatorial plane, 
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primary beam in the initial position. The crystal 
setting required to produce the reflecting position is 
defined by w = p + ¥, while that of the counter is de- 
fined by Y. These angles vary for the nodes in a 
single line. 

The relationships for the setting angles of the 
crystals in the equatorial method are 


tany = C/y, 

Oo=p+4, 
sing =, (7) 
a sae 

= 20e 


The relation of 1) to w is given by 


(7') 


There are various ways of recording the nodes 
in plane n when this is set in the equal-inclination 
position. All nodes in this plane are considered as 
lying on hy)kl, nodal lines, and all the nodes in the 
plane may thus be recorded in sequence (Fig.3).In 
this case the node is brought into the recording po- 
sition by setting u and v (which are the same forall 
these nodes), with additional rotations of the crys- 
tal and counter about a common axis, the principal 
axis of the goniometer. 

The crystal setting is defined by w = p +¥ ,while 
that of the counter is defined by Y . These angles 
vary for the nodes in a single line, as is shown by 


(i); 


Y =w-+arc cos (cosm +i Y @ + 7). 


We may also consider the nodes as lying on 
central straight lines (lines through the rotationaxis 
of the plane) instead of on the natural h,,kl, lines. 
We then have the simple relation Y= 2w, which al- 
lows simple mechanical coupling of crystal and 
counter. The start and the precise coupling of the 
motions must be set for each line individually. 

The tangential method (Fig.5) is a further pos- 
sibility. We have seen that the use of central lines 


1 There are other possible ways of rotating the crystal around the 
additional axis to bring the desired node into the equatorial plane, 
but in every case the primary and reflected beams will lie in that 
plane. 


"It is possible to incline the axis of the goniometer at an angle v 
to the primary beam, and the counter at 2v, instead of inclining 
the primary beam. 
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simplifies the relation between the counter and crys- 
tal angles (provides a simple mechanical linkage). 
Rotation around the additional axis (by analogy with 
the equatorial case) allows one to bring the nodal 
line into the equal-inclination position in the verti- 
cal plane perpendicular to the beam through the 
common axis of crystal and counter. If now the 
primary beam is inclined at an angle uw, with the 
counter at v = —u, the nodes on any line chosen at 
random may be recorded as for the central lines in 
the equal-inclination method. The tangential meth- 
od has uw and v constant only for a given line, not 
for the whole plane. The crystal must be turned 
through an angle w =p, and the counter through = 
2w, when the line has been set in the equal-inclina- 
tion position. A simple mechanical coupling is pos- 
sible here also. 

Here, the relationships for the setting angles of 
the crystals are 


Fee ye 
= bo US: 


: x bad toe 
aa a ee te 
. Ed 
i 2cosv’ 
1G es Dar. 


Again we have the simple relation } = 2w. 
Comparison of Layerwise and Linewise 


Methods 


All layerwise methods are based on division of 
the entire reciprocal lattice into hkly layer planes; 
photographic methods require only a knowledge of ¢ 
in order to obtain the reflections corresponding to 
all the nodes in a given plane. The diffracted rays, 
no matter what Y may be, will meet the film. The 
relation of Y to w must be known; the indices of the 
reflections are found by indexing the pattern: anun- 
distorted image of the reciprocal-lattice plane (as 
from the cameras of [10, 11]) allows one to find the 
indices automatically. Photographic recording thus 
merely requires setting of uy and v, which is done 
for each plane, while all nodes in the plane are re- 
corded automatically. 

Counter methods require the reflected ray to 
coincide with the axis of the counter, so w and Y 
must be properly related. The precise relation be- 
tween these is dependent on the coordinates of the 
node as well as on the height of the layer; crystal 
and counter must be set separately for each node. 
All layerwise methods, except the equal-inclination 
one, have blind regions arising from the particular 
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Before rotation 
through y 


After rotation 
through y 


Fig. 5. Reciprocal lattice and reflec- 
tion sphere for the tangential method; 
symbols analogous to those of Fig. 1. 
Here, y is the angle of rotation of the 
nodal line in the equal-inclination 
position. 


features of the method of recording, not from con- 
structional details of the instrument. Linewise re- 
cording is the best approach for counter methods, 
and the techniques considered above leave no blind 
regions. Any restrictions are due solely to the de- 
sign of the instrument; good design leads to minimal 
loss. A single nodal line is brought into the record- 
ing position (not an entire plane) in linewise record- 
ing; the coordinates (£,7) must be known for this 
purpose. The motion of the counter can sometimes 
then be coupled to that of the crystal to provide 
automatic recording of all nodes on the line without 
prior calculation of the positions. This restricted 
form of automatic working is probably of little 

value when the crystal rotates at a fixed speed, be- 
cause much of the time is wasted on measuring the 
background. A line may contain (say) 10 nodes, and 
the intensity corresponding to a node may be meas- 
ured over a range of 0.5°; then the full 180° rota- 
tion of the crystal is-employéd only to the extent of 
about 3% (0.5 X 10), whereas the useful interval of 
rotation for photographic recording under analogous 
conditions is 30% (10 xX 10 x 0.5). The best method 
of linewise recording is probably not to be sought in 
fully automatic working, but rather in maximal 
simplification in the setting of 1,v,w, and Y to- 
gether with automatic computation of the setting 
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TABLE 1. Numbers of Settings for Crystal and Counter to Cover Entire Pattern in Various 


Sequential Recording Methods 


Method Equal-inclination Equatorial Tangential 
Parameters | u=—y, wo, Y a @Y, Ve ROR Ui Why wh mara 
Ag Pena ASHI ee o+ YS 0-faredos(cose t Vues o 
os 26 
Relation of Y to w +f —— + AV C247?) 
Susy 
y ee) 
Photographic 2n not used not used 
Counter, 
individual setting 2(n® + n) 2nd + n2 n3 + 3n2 
Counter, 
automatic setting 2 (n® + n) 3n 3n? 
No. of adjustments 
to coupling n® n* t 


angles from the hkl in conjunction with the param- 
eters of the crystal. 

The mode of recording determines the number 
of settings needed in linewise techniques. We re- 
place the reflection sphere by a cube for this pur- 
pose, and assume it to contain n® nodes to be re- 
corded (in planes each having n nodal lines, each 
with n nodes). The table gives the number of set- 
tings needed. 

Equal-Inclination Method. The four 
angles u,y,™, and Y must be set for each node 
with a counter; there is no simple relation of Y to 
w, but uw and v are constant for a given n plane. 
There are thus 2n common settings for the n layers, 
and also two settings (w and Y ) for each of the n® 
nodes. The total is 


N = 2n3 + 2n. 


Then, N = 2020 for n= 10. 
Photographic recording requires 4 and v to be 
set for n planes; N = 2n, so N= 20 forn=10. 
Equatorial Method. Anglesy,w, andr 
must be known for each node; y is constant for an 
entire nodal line. The total is 


Nn ne 


Then, N = 2100 for n= 10. 

Tangential Method. The quantities here 
for each node are Y,u,’, w, and Y, but the last 
two have the simple relation Y = 2w, which is easy 
to set up in a mechanism; only four settings are 


needed, of which y,v, and uw are fixed for a given 
nodal line. The total is 


N =n? on. 


Then, N = 1300 for n= 10. 

The Y= 2w relation allows automatic recording 
along nodal lines; the only setting needed is to bring 
each such line to the recording position, so N = 3r’, 
and N = 300 for n= 10. 

Blind regions arising from the geometry of the 
method occur in some layerwise methods (perpen- 
dicular beam, constant cone, and plane cone, the 
last being a particular case of the second). Also, 
all these methods involve design restrictions, be- 
cause a given design allows only certain combina- 
tions of ranges in u,v, w, and Y 

The various forms of linewise recording show 
that the equal-inclination and tangential techniques 
are the promising ones as regards the design of an 
automatic instrument with continuous counter re- 
cording. A diffractometer based on the equatorial 
method with individual node setting would be the 
least complex in design. 


Adaptation of the URS-50I for Complete 
Examination of Single Crystals 


The GUR-3 goniometer in the URS-50I provides 
for independent rotation of the counter and the stage 
(which carries the crystal) around their common 
axis. The stage can be turned through 360°; the 
counter, to any angle in the range —130 to 4150°.The 
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Y Additional axis 


Fig. 6. The available region of the equatorial reflection circle in the GUR-3 
as adapted for equatorial examination of single crystals. The heavy line in- 
dicates the usable region corresponding to the range in w denoted by the ar- 
rows. The dead zone is shown with cross-hatching; this corresponds to the 

same range in w. The single hatching denotes the rest of the dead zone. The 


other lines serve to construct the available region{ A,O,B, = 


AsO5B, = 40° 


represents forbidden ranges in Y due to the scale for reading y, Teas 


00, C= 150°F. 


Fig. 7. The GUR-3 fitted for examination of single crystals. 


collimator for the primary beam is perpendicular 
to that axis. The GUR-3 allows the use of a perpen- 
dicular beam to measure the intensities of all re- 
flections in the zero plane. The stage of the GUR-3 


reads the angle of rotation around this additional 
axis (the angle that brings the nodal line into the 


equatorial plane) gives rise to blind regions, whose 


extent is governed by the dimensions of the scale 
and goniometer head. Figure 6 shows the available 
part of the reflection sphere. The blind regions can 
be avoided by moving the additional axis from its 
position perpendicular to the principal axis to one 
coincident with that axis, which provides for one 
setting of the crystal a complete absence of blind 
regions, provided that the repeat distance along the 
direction coincident with that axis does not exceed 
1s A (when copper radiation is used). The blind re- 
gions may be eliminated completely if the interme- 
diate axis can be set in any intermediate position. 
The simplest way of modifying the GUR-3 is to 
mount a special adapter of the arc type used in the 
RKOP camera [10,12]. The GUR, as thus modified, 
allows the head to be turned around its axis (the ad- 
ditional axis, y, from 0-360°), while the holder may 
be turnedon an arc (6 =0-90°), and may be set 


may be fitted with a device to turn the crystal around either to bring the axis of the head perpendicular to 


an axis perpendicular to the axis of the stage; this 
converts the URS-50I to a diffractometer capable of 
operating in the equatorial mode to reco rd linewise 
all the reflections from a single crystal. Figure 7 
shows the URS-50I fitted with this. The scale that 


that of the stage in the GUR (6 = 90°) or parallel to 
it (6 = 0°). The GUR-3,as modified,is shown in Fig. 
7; Fig.8 shows reflections of hkl type recorded 
with the URS-50 and GUR-3,modified in this way. 
The crystal had its b axis along the axis of the goni- 
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Fig. 8. Reflections from a Rochelle salt crystal recorded with a URS-50I and 
GUR-3 with special adapter. The ordinates are the intensities (units vary 
from reflection to reflection) corresponding to the planes whose indices are 


shown, 


ometer head; the adjustment had previously been 
made by x-ray methods on another instrument, with 
final fine adjustment on the GUR itself. The reflec- 
tions were recorded by setting 6,y,w, and Y inde- 
pendently. The curves of Fig. 8 were recorded with 
the counter fixed each time in the position Y= 2w, 
the stage being turned at 0.25° per minute from w = 
—1° tow =+1°. Various filters were inserted in 
order to record the strong reflections.® 


Proper Uses of the Various Techniques 
of X-Ray Goniometry 


There is sometimes expressed a demand for a 
diffractometer that, given a completely unknown 
crystal, would automatically provide all the in- 
formation needed for a complete structure deter- 
mination: cell parameters, list of all observed re- 
flections, list of relative intensities. No attempt 
should be made to develop such an instrument atthe 
present time. 

It is best to derive the information about a struc- 
ture in several stages. Ordinary photographic meth- 
ods (rotation or oscillation) may first be applied to 
determine the shape and size of the unit cell. A 
photographic goniometer, e.g.,the KFOR type [10, 
11], may next be used to identify the systematic ab- 
sences and hence the space group; such a camera 
gives an undistorted image of the reciprocal-lattice 
planes. The same camera may also be used to de- 
termine the shape and size of the unit cell. 

The full data for the structure may be recorded 
photographically with a goniometer that provides 
equal-inclination recording (e.g. , the RGNS type 
[12]). Here,further work is needed, as there is 


much loss of time in obtaining and processing the 
photographs. The full data must include series for 
all layer lines, which must be indexed and assigned 
relative intensities, either by reference to a density 
scale or by photometry. 

A manual diffractometer (e.g., the modified 
URS-50I described above) may be used to accumu- 
late the data, including the preliminary evaluation 
of setting angles for crystal and counter, setting of 
these angles, and recording (manually or otherwise) 
of the relative intensities. The object of using 
counters is to provide a major reduction in the time 
required to accumulate the data, while simultaneous- 
ly providing higher accuracy on intensities. This 
will involve mechanization of the calculations before 
the problem can be considered as solved. 

There is also a need for partly automatic dif- 
fractometers or for instruments providing automatic 
computation and setting of the angles; alternatively, 
such instruments might provide appropriate coupling 
between the crystal and counter motions. 
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Descriptions are given of the URS-50I and URS-25I, together with block diagrams and 


a brief description of the goniometer head. 


The URS-25I is meant for plant use in check- 


ing the cutting angles of quartz plates and has no automatic-recording facility. The URS- 
501 measures intensities to 3% by pulse counting or to +6% with a pen recorder; the URS- 


25I measures intensities to +10%. 


X-ray analysis has been greatly simplified by 
the replacement of films by x-ray counters; in ad- 
dition, there is a substantial saving in time anda 
marked improvement in accuracy. 

The main advantages of x-ray counters are as 
follows: 

(a) The minimum detectable intensity is much 
lower than for a film; a counter can register 2-3 
Cu Kg quanta per second, whereas at least 10,000 
Cu Kq@ quanta are needed to produce a detectable 
blackening at a point. 

(b) Line intensities may be measured and re- 
corded directly if suitable processing equipment is 
used, whereas an x-ray film needs the tedious 
operations of processing, microphotometry, and 
conversion of the density curve to an intensity curve. 

(c) A counter usually gives higher accuracy 
than a film, because the emulsion on the latter varies 
in sensitivity, and the error is further increased by 
the microphotometer. 

On the other hand, x-ray counters have the dis- 
advantage of not revealing line structure (e.g. ,spot- 
tiness produced by coarse-grained specimens), and 
they demand complex electronic systems. 

The URS-50I and URS-25I are intended for x- 
ray examination of materials; they provide high ac- 
curacy in Bragg focusing with polycrystalline sec- 
tions, and also for polycrystalline wires, for single 
crystals in the equatorial plane, etc. 

The URS-50I is intended for use in research in- 
stitutes and industrial organizations; its output volt- 
age is highly stabilized and is adjustable up to 50 kV, 


while the operation is largely automatic and of high 
precision. 

The URS-25I is intended for plant use and pro- 
vides up to 25 kV with two working positions; it dif- 
fers from the URS-50I in being less precise and in 
having no automatic recorder. The URS-25I has 
been widely used in orienting quartz plates and in 
checking cutting angles. Figure 1 shows the block 
diagram of the URS-50I. 

The URS-50I consists of three main units and 
one accessory: the x-ray equipment, the GUR-3 
goniometer, the measuring equipment, and the VS-1 
voltage stabilizer. 

1. X-Ray Equipment. Thecontrol panel 
and EHT rectifier are included in this; the panel 
carries all the startup and control gear, including 
a six-tube current regulator for the x-ray tube. The 
EHT unit employs a doubler circuit giving a sta- 
bilized output, with 


Othax == OU KV at Tax = 12m A. 


The EHT unit is linked via a cable to the tube; 
a set of tubes is provided, with anodes of Cr, Fe, 
Co, Ni, Cu,-and Mo. The tube has a line focus 6 X 
2.5 mm, whose projection along the axis of the work- 
ing beam (at 2° to the plane of the anode) is only 
0.38 X 2.5mm. The anode is grounded and is water 
cooled. The tube has two beryllium windows, one 
working into the GUR-3; the other can work intoan 
X-ray camera. 
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Fig. 1. Block diagram of the URS-501. VS-1) voltage stabilizer, CP) control 
panel (with current stabilizer); EHT) tube supply; GUR-3) goniometer; RM-4) 
x-ray counter; PA) pulse amplifier, TS) time switch; MC) mechanical counter; 
G) gate; CA) clipping amplifier; QM) quiescent multivibrator; QM + CA) qui- 
escent multivibrator + current amplifier; HV) power unit; C) clipper; I) inte- 
grator; VTV) vaccum-tube voltmeter; EPP-09) recorder. 


2. Goniometer. This is used to meas- 
ure diffraction angles. It carries the specimen, 
the x-ray counter, and all the parts for handling the 
x rays. 

The latter consist of three vertical slits, two 
of which shape the beam (parallel or divergent); the 
third (receiving slit) is fixed in front of the counter. 
Sets of slits are provided, with widths of 0.1,0.25, 
0.5, 1.2, and 4 mm. In addition, two horizontal ad- 
justable slits define the beam at the entrance to the 
goniometer and the counter. 

The specimen (section or rod) rotates on the 
central axis, as does the arm carrying the receiv- 


ing slit, the counter, and the pulse amplifier. The 
specimen-slit distance on the exit side equals the 
source-specimen distance (160 mm). The goniom- 
eter can take specimens weighing up to 5 kg, in- 
cluding small ovens, cooling units, etc. The spe- 
cimen and counter may be rotated separately or to- 
gether, the angular Velocity of the counter being 
twice that of the specimen. The ratio 1:2 in the 
angles is accurate to+1'. Bragg angles from -60 
to +75° may be covered (twice this at the counter). 
The drive is manual or from a synchronous motor. 
The angles are read to +1' by an optical projection 
system. 
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3. The Measuring Equipment. This 
consists of the RM-4 counter, PA pulse amplifier, 
scaler (with time switch and mechanical register), 
count-rate meter .and counter power supply (in re- 
corder unit), and an EPP-09 pen recorder. 

The counter has a mica end window about 20 yu 
thick; the x-ray quanta produce output pulses at the 
load resistor of the counter, which are amplified 
and passed to the scaler, whose first three stages 
shape the pulses appropriately before passing them 
to the scales and count-rate meter. Scaling factors 
of 4, 16, and 64 are fitted, becduse the count rate 
may be as high as 5000 sec-!, while the mechanical 
register will accept only 100 sec™!, and then only if 
the pulses are equally spaced. 

The pulse from the appropriate scale triggers 
the quiescent multivibrator, which drives the cur- 
rent amplifier, which provides a pulse of duration 
suitable to operate the register. This records the 
number of counts recorded in a given time as di- 
vided by the scaling factor. The counting time may 
be controlled manually or by an automatic timer. 
The count-rate meter averages the rate overagiven 
period; it consists of a clipper, an integrator, and 
a vacuum-tube voltmeter. The clipper provides a 
suitable pulse shape, while the integrator is simply 
a capacitor that is charged by these pulses and that 
discharges through a shunt resistor. The steady 
voltage developed at the condenser is proportional 
to the count rate; it is measured by the vacuum - 
tube voltmeter, which reads the mean counts per 
second. 

This ratemeter feeds a pen recorder type EPP- 
09, whose chart is driven in synchronism with the 
counter, the abscissa being proportional to the angle 
of rotation and the ordinate proportional to the count 
rate. This gives an I=f(v) curve. The chart speed 
is adjustable between limits of 60 and 9600 mm/h, 
which is equivalent to 0.5-640 mm/deg. Angles can 
be read to +0.5% from the chart. 

4, The voltage stabilizer feeds all the equip- 
ment and gives AUeff of +0.2% or AUg of 41.5% for 
line variations from +5 to —15% of nominal. 

The units are linked as follows. The beam from 
the tube is shaped to divergent or parallel form by 
the first two slits in the goniometer; the rays scat- 
tered by the specimen at the Bragg angle are re- 
ceived by the counter as it rotates around the axis 
of the goniometer, the peaks corresponding to po- 
sitions of maximum intensity, at which the counter 
may be set. The angles and intensities may be read 
in three ways: 

(1) The counter and specimen are set at spe- 
cified angles, with the scaler operating into the 
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register to record the counts occurring in a certain 
time. This measurement is repeated at other angles 
to record the appropriate part of the pattern. 

(2) The specimen and counter are driven 
manually while observing the ratemeter reading, 
which indicates the appropriate diffraction angles 
and the relative intensities. 

(3) Uniform rotation of specimen and counter 
by a synchronous drive, in conjunction with record- 
ing on the chart; this provides a recording of any 
desired part of the pattern. 

The URS-25I has no scaler or recording sys- 
tem, so the angles and intensities are read as in (2) 
above. The x-ray side of the equipment is the same 
in both. 

The basic considerations in the design of the 
equipment have been high accuracy in conjunction 
with minimum consumption of time and labor. 

High accuracy requires: (a) stabilized emis- 
sion, (b) precision measuring circuits, (c) statisti- 
cal accuracy in the results. 

The URS-50I has stable emission by virtue of 
the line stabilizer and current stabilizer. The two 
together keep the x-ray intensity within +3% of the 
set value for line fluctuations of +45 to -15% from 
nominal. The scaler has no source of error (apart 
from that in the timer, which is negligible), so +3% 
represents the maximum range of the error arising 
from line fluctuations. 

The integrator is linear to 3%, while the vacu- 
um tube voltmeter and recorder are linear to 1% and 
0.5%, respectively. Tests have shown that the in- 
tensity is measured to +6% at the recorder for these 
+5 to -15% line fluctuations. The random error in 
the results due to the random arrival of the quanta 
may be specified in terms of the probable error. The 
relative probable error for a scaler is Ac = 0.67NN= 
0.67/Vnt, while for a ratemeter it is Ac=0.67N2aRC; 
in which N is the number of quanta arriving in time 
t, n is the mean rate of arrival (per second), and C 
and R are the capacitance and resistance of the inte- 
grating circuit. A Gaussian distribution fits the 
probability of a deviation of given ratio to the prob- 
able error: 


Multiple of Ac: 1 2 3 ANETS 
Probability of error 

exceeding above 

multiple, %: BO) 9 7. 7 


4 2320905 70007 


The required accuracy is specified; then n indi- 
cates the measurement time t needed. The timer 
provides periods of 16, 32, 64, and 128 sec, which 
covers the range needed to give rapid (but not very 
exact) readings, and also very precise readings 
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Fig. 2. General view of the URS-50I. 


Fig. 3. Part of a chart recording for CaF, powder, with 1° in 29* 10 mm; Cu Kq, 
counter speed 4 deg /min, RC = 1 sec in integrator. 


over fairly long periods. The RC provided for the 
same purpose are 1,2,4, and 8 sec, which are se- 
lected by a switch. The ratemeter has two ranges, 
with full-scale deflection for n of 1000 and 200 
sec-!. The RC are switched independently of these 
ranges. 

The RC needed is also governed by the record- 
ing rate (angular speed of counter): it may be shown 
that the loss in peak height on account of lag in the 
integrator can be kept below 5% if we <A7/3RC, in 
which Aj] is the width (in terms of 2.) of the leading 
edge of the line. Typical lines from polycrystalline 
materials indicate that the best speeds in 2¥ are 4, 


2,1, and 0.5 deg/min. The URS-50I thus provides 
the maximum accuracy compatible with a given 
working time. 

The practical accuracy of the URS-25I over 
periods of a few minutes is +10%. The integration 
times are half those for the URS-50I. 

The URS-50I (Fig.2) consists of two major 
units: the control rack and the measuring rack.The 
first contains the x-ray tube (in its shield) and the 
goniometer, while the second contains the voltage 
stabilizers and all the measuring equipment apart 
from the counter and pulse amplifier. This enables 
one to use the x-ray equipment or measuring equip- 
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Fig. 4, Part of a chart recording for Aly,O3 powder, with 1° in 29 » 12mm; Cuka, 
counter speed 0.5 deg/ min, RC = 8 sec. 


ment separately in other experiments with ionizing 
radiations (e.g., radioactive tracers). 

The URS-25I consists of the x-ray unit and two 
panels bearing the ratemeter. The x-ray unit also 
houses the two goniometers, together with the volt- 
age stabilizer. 

Prototype URS-50I and URS-25I units were put 
on test for two years; they were found to be reliable 
and to provide the accuracy stated above. The reso- 
lution is fully adequate for many structure prob- 
lems (the Cu Kq doublet reflected from a quartz 


crystal with slits of 0.1 mm is resolved almost at 
half height). The URS-50I provides a time saving 
by a factor of 5-10 (sometimes more) by compari- 
son with photographic methods. Figures 3 and 4 
show typical recordings. The URS-50I and URS- 
251 were designed at the Barevestnik plant under the 
direction of the chief designer, A.A. Porfir'ev. 

Much assistance in the development was re- 
ceived from the following: G.V. Kurdyumovy, I.B. 
Borovskii, Yu.A. Bagaryatskii, A.I. Zaslavskii, 
M.M. Umanskii, B.M. Levitskii, V.A. Il'ina, and 
A.I, Froiman. 
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The usual way of starting the x-ray examina- 
tion of a crystal without faces is to record a series 
of Laue patterns in order to determine the sym- 
metry and orientation. Then rotation or oscillation 
photographs are recorded with the principal crystal- 
lographic directions along the axis of rotation. It is 
often necessary to alter the orientation of the crys- 
tal by cementing it in a fresh position in the holder. 
This operation, and the determination of the new 
orientation, can be a very laborious task, especial- 
ly if the crystal is small, because a fresh series of 
photographs must be taken, for use in stereograph- 
ic projection. This makes it desirable that the cam- 
era should allow one to make the necessary adjust- 
ment merely by rotating parts of the goniometer 
head. 

The RKOP [1] and RKV [2] cameras are used 
with crystals, but they have several disadvantages 
in that respect. For example, the RKV allows one 
to place most crystallographic directions along the 
primary beam, but there is much less scope for do- 
ing this as regards the axis of the camera. Con- 
versely, the RKOP allows all directions to be 
brought into coincidence with that axis but restricts 
the scope for adjustment to the primary beam. 

The present camera contains a goniometer that 
allows one to go from Laue patterns to oscillation 
patterns in any direction without remounting. One 
special object here has been to keep the design 
simple and convenient while permitting one to usea 
crystal that has been mounted once only. The rota- 
tions are of two types [3]: multiples of 45° and up 
to 22°30'. These are provided by the fitting 10 
(Fig.1) on the slide 9 in the upper small arc. This 
fitting has three recesses 11, the axis of one being 
at 45° to the adjacent axis. The crystal holder 13 
may be set in eight distinct positions in each recess. 


The holder is transferred from one position to an- 
other by rotation through 45° about its own axis. Re- 
setting in the upper main recess may be combined 
with rotation in the lower in the large arc 5 to ro- 
tate the crystal through any angle around a horizon- 
tal axis perpendicular to the primary beam. Trans- 
fer of the holder from the main recess to the middle 
or lower one causes the crystal to turn through 45 
or 90°, respectively, about the primary beam. This 
change of setting may be combined with movement 
of the fitting in the upper small arc 7 to turn the 
crystal around the beam through any angle up to 
112°30'. These combinations are sufficient to bring 
any direction in the crystal into coincidence with the 
primary beam or with the axis of rotation. 

This separation of the motions has provided a 
reduction in the angular range needed in the head 
from +60° (in the RKV) to +22°30', which makes for 
a much simpler camera; but the detailed structure 
of the head becomes somewhat more complicated, 
because the recesses 11 in the fitting must be lo- 
cated very precisely, as must the locating holes in 
each. Each position must be completely positive in 
location, and the crystal holder must everywhere be 
firmly held. 

We have devoted particular attention to maxi- 
mal accuracy of indication in each position, because 
a correction can afterwards be applied for any er- 
ror in the marks, Each specimen of the head need 
merely be examined on an optical goniometer (or 
other suitable instrument), the angles of rotation 
arising from resetting being determined to 0.1°. 
The errors in the marks can hardly ever exceed 1°, 
so there is rarely any need to use the corrections. 

It is simple to decide the order of operations 
in order to bring direction [mnp] into coincidence 
with the beam or the rotation axis. Figure 2 shows 
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Fig. 1. General view of the goniometer head 
in the KRON-1: (1) and (2) centering slides; 
(3) and (4) drive screws for slides; (5) lower 
are (fixed part); (6) moving part of the lower 
arc; (7) upper arc (fixed part); (8) and (12) 
limit screws on arcs; (9) moving part of up- 
per arc; (10) holder for recesses; (11) recess; 
(13) crystal holder; (14) spring clamp for crys- 
tal holder; (15) ordinary moving part of upper 
are. 


a stereographic projection of an [mnp] direction 
that cannot be brought into coincidence with the 
primary beam in the RKV. There are two ways of 
producing such coincidences in our camera. 

Method 1. The crystal holder is moved in 
the main recess to transfer direction [mnp] from 
position 1 to position 2'; adjustment on arc 5 (Fig.1) 
then transfers it from position 2' to position 3'. Ro- 
tation around the camera axis OO (Fig.2) then 
brings it into coincidence with the primary beam 
(position 4). 

Method 2. _ Direction [mnp] is transferred 
from position 1 to position 2" by transferring the 
crystal holder from the main recess to one of the 
others. Adjustment on are 7 (Fig.1) transfers it 
from 2" to 3"; then rotation of the head brings it in- 
to coincidence with the primary beam. The fitting 
in the lower arc (angular range 22°30') theoretical- 
ly allows one to bring any direction into coincidence 
with the primary beam; but this camera still has a 
dead region (a range of directions that cannot be 
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Fig. 2. The two methods of bringing direc- - 
tion [mnp] into coincidence with the beam 
in the KRON-1 (see text). 
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Fig. 3. Bringing direction [mnp] into coin- 
cidence with the axis of rotation in the 
KRON-1 (see text). 


brought into coincidence with the beam), whose 
size is determined by that of the crystal holder. 
This is less than 2% of all directions in the present 
camera. 

A direction [mnp] within the dead space of the 
KRON-1 is brought into coincidence with the rota- 
tion axis as follows (Fig.3). The crystal holder is 
adjusted in the main recess to transfer [mnp] from 
position 1 to position 2, while transfer of the holder 
from the main recess to one of the others brings it 
to position 3. Adjustment on the upper are then 
brings [mnp] to position 4, and adjustment on the 
lower arc brings it to position 5 (coincidence with 
the rotation axis). 

This camera allows any direction to be brought 
into coincidence with the rotation axis, but the mul- 
tiple-rotation fitting makes it somewhat more dif- 
ficult to record rotation patterns. Patterns involv- 
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Fig. 4. General view of the KRON-1: (1) goniometer head; (2) 
multiple-rotation fitting; (3) collimator; (4) oscillation mecha- 
nism; (5) sighting tube for centering specimen; (6) cylindrical 

metal cassette; (7) flat cassette; (8) support for sighting tube and 


cassette. 


ing complete rotation are used in order to establish 
the trends in the absences, which may also be de- 
duced from oscillation photographs if the range of 
oscillation exceeds 180°. The oscillation mecha- 
nism in our camera provides ranges of 6, 12, and 
18°; but this mechanism can be uncoupled from the 
goniometer head, so it can give a series of oscilla- 
tion patterns covering a wide angular range. 

Sometimes a rotation pattern must be recorded 
with the crystal holder in the lower recess; in that 
case, slide 9 may be replaced by the ordinary slide 
15, which has a singlevertical recess. The trans- 
fer of the holder to this slide does not alter the 
orientation of the crystal, while the use of the ordi- 
nary slide enables one to record ordinary rotation 
patterns. 

Figure 4 gives a general view of this camera 
as it was made in the workshops of the Physics 


Faculty at Leningrad University.! 
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Either: type of scattering may occur; the decis- 
ive features are the complexity of the structure,the 
atomic numbers of the constituents, and the thick- 
ness of the crystal. The scattering is certainly dy- 
namic if Kikuchi lines appear. Kinematic scatter- 
ing is usual for polycrystalline films and textures, 
and also on occasion for single crystals; this is con- 
firmed by the relation of the theoretical (kinematic) 
intensities to the observed ones, as well as by other 
considerations [1,2]. Dynamic scattering it still 
possible, however. 

Scattering of intermediate type may also occur 


[2] if the specimen contains a range of crystal sizes. 


The precise nature of the scattering must be estab- 
lished in order to convert the observed intensities 
to |@| or |@|* for use in structure analysis. 

The mean intensity may be examined as a func- 
tion of (sin 0/A) in order to establish the type with- 
out resort to assumptions about the size or struc- 
ture of the crystals; this is compared with eo or 
fem: Relationships deduced for x rays [3] apply 
here for || and ]4|’: 


[OP = Di ,~ fem and [P[~fem (Lab) 
For kinematic scattering,I = k||* (the k are inten- 
sity factors), and the I/k should fall off as f?._,, in 
accordance with (la); dynamic scattering gives I = 
k| @| , and here the fem of (1b) should be followed. 
Only the type of fall is important, i.e., the rela- 
tive values of the quantities in (la,b), so we may 
assume that the fe curves are similar, and we 
may replace the exact relation 


: (2a) 
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with the sum taken over all atoms in the unit cell, 
by the simpler one 


on ~ dew (2b) 
or even use the f, curve for the atom of mean 
weight in the structure in place of the fem curve. 
There is also another approach. We use the 
experimental Ink] to convert to |@] from the kine- 
matic formulas, which give | © pi | ke = Ani Bos 
and from the dynamic ones, which give | Prk ila - 
Inkj /k. We average and compare the fem in ac- 
cordance with (Lb) to determine which is the cor- 
rect formula, i.e., the type of scattering. The true 
| 6] should lie closer to Fam Doe ene 
|@ hk 1 q (or the Thnk 1/k in the first method) mustbe 
averaged over relatively large spherical zones in 
the reciprocal lattice, e.g., from (sin 0/)) - 10 °= 
0 to 0.2; from 0.2 to 0.4, and so on. Let any of 
of these quantities be A},,7; then 


A= >) Anni/m, (3) 


in which m is the number of reflections in the given 
spherical zone. The points (here Ao jt» Ao; etc.) 
define the A curve. The relative values are found 
by equating these to fem at the first point, the fall 
then being examined. 

Many of the specimens previously examined 
have given kinematic scattering, but a test by the 
above method (second form) for area CO (NHp)., 
which gives spot patterns, showed that the scatter- 
ing was dynamic. The intensities in the h0l zone, 
as determined from multiple exposures [4], gave 


the 1®nic ql =f Taide and |®nx 71 q = Ink 1/Ahk- 
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Fig. 1. Experimental curves for: (1) 
| S|}, and (2) | @| q for urea; the lat- 
ter is close to the theoretical curve 
aye y Gane for urea. 


(The factor analogous to the Lorentz factor for x 
rays is here dykj and is present in both cases in 
the same form, being k = pedir for a polycrystal, 
for example.) Averaging as in (3) gave the curves 
of Fig. 1, which show that the scattering is dyna- 
mic; the |®|g curve even runs a little above the 


tem one. This is due to secondary scattering, 
which tends to equalize the intensities. This second- 
ary scattering is also evident from the weak 100 

and 300 reflections, which are forbidden. 
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The international symbols for the crystallo- 
graphic groups are extremely convenient for infin- 
ite three-dimensional one-color (space) and two- 
color (Shubnikov [1]) groups; they have also been 
used to advantage with the infinite two-dimensional 
groups (analogs: one-color = one-sided; two-color 
= two-sided [2]). In addition, they are of value in 
identifying and enumerating the various types of in- 
finite one-dimensional groups: one-sided (borders 
[8]), two-sided (strips [8]), and rods [8,4]. We 
use three positions in the symbol, as usual; the 
first is related to the infinite translational x axis 
(a), the second to the y axis (in the plane), and the 
third with the z axis (perpendicular to that plane). 
We may then readily deduce the restrictive condi- 
tions imposed on the numbers and letters that may 
appear in positions 1, 2, and 3; all possibilities 
may be enumerated rapidly. The one-sided groups 
allow only m planes in the first position, only m 
and a planes in the second, and only the symbol for 
a 2 axis (perpendicular to the plane of the border) 
in the third. The elements of crystallography im- 
ply that this 2 axis in position 3 is obliged to be de- 
rived from the two symmetry elements in the first 
two positions if these are present together; it can 
occur independently only if they are absent. This 
gives us 7 groups: plll, pmll, plml, plal, 
pmm2, pma 2, p12. 

The fixed p in front of the symbol denotes the 
infinite group of translations (Bravais lattice), 
which is essential and identical for all the one-di- 
mensional infinite groups. Figure 1 shows these 
seven groups schematically in terms of triangles in 
four orientations. Shubnikov in his "Symmetry" 
gives some striking examples of these borders. 

A second symmetry element is possible in each 
of the three positions in the case of two-sided strips, 
this being normal to the symmetry elements of the 
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borders, e.g., a 2 or 2; axis is possible in the first 
position. This axis is placed in the numerator of 
the symbol if it is present together with an m plane 
normal to it, the plane being placed in the denomi- 
nator. The second position also allows a 2 axis, 
while the third allows m and a planes. The pres- 
ence (symbol) of a symmetry element in the numer- 
ator or denominator of any position generates a de- 
rived center of symmetry unrelated to any coordi- 
nate direction and,hence, acting on the symmetry ele- 
ments in all three positions. The center of sym- 
metry is not indicated if any position contains both 
numerator and denominator; but it must be indicated 
[1] if it remains the sole symmetry element, when 
we do not indicate three positions, of course. 

This gives us the following 31 groups:(1)p111= 
pl, (2) pi, (8) p21, (4) p2y11, (5) p121, (6) p112, 
(7) p222,, (8) p2{22,° (9) pm 11, (10) p27 mil ee) 
p2,/mi1i, (2) pimd, (3) p12/mi> a4) pratt, 
(15) pl 2/o*>06) pll'm; @7) pile, 8) pilL2 7mm 
(19) p112/u, (20) pmm2, (21) pma 2, (22) pm2m, 
(23) pm2a, (24) p2mm, (25) p2;am, (26) p2,;ma, 
(27) p2aa, (28) pmmm, (29) pmam, (30) pmma, 
(81) pmaa. 

Groups 1, 6, 9, 12, 14, 20, and 21 repeat the 
7 listed above, while groups 16, 18, 22, 24, 25, 

28, and 29 are the corresponding gray groups [1,2]. 


ee) pep Pc ime 
pe 
as eee ee 


pma2z 


Ai i 


Fig. 1. The one-dimensional one-sided infinite groups 
(borders). 
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Fig. 2. 


The one-dimensional two-sided infinite groups (strips). 


Figure 2 shows the one-sided and gray groups. 

Only the remaining 17 are the two-sided black-and- 
white groups in the narrowest sense. The 7 groups 
and the 31 may readily be deduced from the corre- 
sponding schemes for the 80 planar two-color (two- 


sided) groups [4]. 


The 31 groups are very much easier to derive 
if we consider them as one-sided, but the two- 


n=3 


color ones as black and white [1,2]; and here we 
take account of the possible color translation,i.e., 
second Bravais lattice p'. Then, from [2], we 
start from the 7 one-color groups and first list the 
7 gray groups. Then follow the two-color groups 
with the uncolored translation (p), which are ob- 
tained by replacing one or both of the basic ele- 
ments by color ones in the symbols for the one- 
color groups; the latter symbols are denoted (as in 
[2]) by primes. Finally we list the 7 symbols of the 
one-color groups with the symbol of the one-color 
lattice replaced by the two-color one. Figure 1 
gives these 7+7+10+7 groups in that order, the 
symbol being given as in the three-dimensional 
form. The color Bravais lattice has m planes per- 
pendicular to the translation axis alternating with 
m'ones, whereas m planes parallel to that axis 
are simultaneously color glide planes, and, con- 
versely: m = a'; a = m'; p'mm2 = p'm(m'), 
m(=a'), 2, etc., as in the two-color groups (two- 
and three-dimensional) and as can be seen from 
Fig. 2. 

Rods allow a rotation or screw axis of any 
order along the first (infinite) axis; the second and 
third axes cease to be topologically distinct, and 
they may be chosen not from the requirement of 
mutual perpendicularity but in accordance with the 
rules of the crystallographic setting (crystallo- 
graphic system). 

We consider here only the rod groups that are 
subgroups of the 230, i.e., that are related in not 
allowing axes of orders 5, 7, 8, and higher; this 
gives us the following groups, which are subdivided 
in accordance with the order of the principal axis: 


p311 p3/m11= p61 p32p3m p3/mm2= pbm2 


pa/ma2z =poa2 


p31 pail=petl p3,2p3a p32/m =pb2/m 

p 3211 P 392 p32/a =p62/a 
n=4 

p41 p4/m11p411 p422 p4mmp42mp4/mmm 
p4,11 p4,/m11 p4,22 Le 

p4e11 P4922 p4,.ma p42a p4,/mma 
p4,\4 p 4322 p4aa p4/maa 
n=6 

p6i1 p6/mi11 p 622 pS mm p6/mmm 
p11 p6,/m11 p6,22 p 53 ma p 5; / mina 
n6,11 p 622 p 6aa p6 / maa 
p 6211 p 6322 

p 6415 p 6422 

p6,11 p 6,22 
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Noncrystallographic n cause changes in the 
number of groups mainly on account of the increas- 
ing number of possible screw axes. A difference 
between our symbols and the international ones is 
that we denote inversion axes (3, 6) as well as mir- 
ror ones (3, 6), with the equivalence ove F and 6 = 
3. The rod groups with limiting (infinite) sym- 
metry elements have been considered by Shubnikov 
in his "Symmetry." 
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We have previously [1] described the formation 
of screw dislocations during crystal growth and 
have explained the production of screw dislocations 
of opposite signs within a single crystal. 

Here we report observations on the displace- 
ment of the centers of spirals of opposite signs dur- 
ing the growth of a crystal of p-toluidine. 

In 1950, Frank [2] gave a scheme for the for- 
mation of concentric layers generated by two dis- 
locations differing in sign. The same were found 
on morphologic examination of the faces, which 
confirmed Frank's prediction, although this was 
based on a static picture and on the assumption 
that the points of emergence of dislocations remain 
fixed during crystal growth. We have examined 
some details of this for pairs differing in sign. 

Prolonged observation of concentric circles 
(growth spirals differing in sign) showed that the 
centers slowly come together; the layers cease to 
grow when the two centers fuse. 

This has been recorded on cine film (speed,one 
frame every two seconds). 

Parts a-h of Fig. 1 show enlarged areas of 
frames that illustrate the migration of two centers 
during growth; the two come together in the pro- 
cess, and the interaction increases as the distance 
decreases, as is clear from the intervals quoted 
in a-h. 

No more new spiral layers are formed when 
the two screw dislocations are directly adjacent; if 
they have the same pitch (Burgers vector), they 
mutually cancel, as in the above series. Parts f-h 
of Fig. 1 show the growth of the closed layer formed 
by the last turns, a smooth surface being left. 

The layers generated by the dislocations might 
have been different in thickness, in which case dis- 
locations of opposite signs could not cancel out 


exactly when they fused; the residue would be a single 
dislocation of Burgers vector equal to the difference 
between the two individual values. 

This fusion occurs over a long period,the crys- 
tal meanwhile increasing appreciably in thickness 
by tangential growth. The layers in our case were 
about 20 unit cells (about 0.047 uw) thick, while the 
two dislocations fused when the crystal had in- 
creased in thickness by about 4 wu. The time taken 
was about an hour. 

The recordings were made between crossed 
polarizers; the interference color increased in 
order during the process and so gave thickness es- 
timates for the layers and for the crystalas awhole. 

The two centers come together at a substantial 
rate when their separation on the surface is of the 
order of the distance between turns. The separa- 
tion may be judged from the figure formed by the 
first turns of the spirals. A separation twice the 
distance between turns causes the spirals to fuse 
into an ellipse enclosing a figure resembling the 
letter E, which subsequently becoines an ellipse 
enclosing a fresh E (Fig. 2a,b). A smaller sepa- 
ration causes the layers to form at first semi- 
circles, which grow together to form a figure close- 
ly resembling a circle. 

A separation in excess of twice the distance 
between turns will lead to little interaction, andthe 
centers remain unmoved during the growth. 

A separation of about the distance between 
turns will cause the two centers to come together 
when the Burgers vector is not very large. 

This process shows that screw dislocations of 
opposite sign can come together (and even fuse) 
during growth. Fusion of dislocations with equal 
vectors will cause the growth of both to cease; the 
sources of the spiral layers are destroyed. It is 
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Fig. 1. Approach of two centers of spirals differing in sign during growth, The intervals 
are as follows: a to b, 24 min; b to c, 16 min; c to d, 6 sec; d to e, 6 sec; e to f, 40 sec; 
f to g, 26 sec; g toh, 1 min, 


Fig. 2. Interaction of spirals differing in sign when the centers are separated by twice the distance between turns. 
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not yet clear whether the process represents mi- tice defects) or merely of the points of emergence 
gration of the screw dislocations themselves (lat- on the surface. 
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The present study is a contiauation of work 
which has been carried out in the Institute for Che- 
mical Reagents on the crystal structures of metal 
acetylacetonates [1,2]. 

Metal acetylacetonates belong to the general 
class of internal complex salts, which are of great 
importance in analytical chemistry. In recent times, 
the development of the chemistry of complexes and 
their use in analysis [3] has led to a continuous in- 
crease in the number of compounds known to form 
internal complex salts with metals. 

It was shown in [1] that the Cu atom in copper 
acetylacetonate forms four covalent bonds directed 
toward the corners of asquare, as in other internal 
copper complexes [4]. A knowledge of the structures 
of chromium and aluminum acetylacetonates! is im- 
portant when comparing the structure of a mole- 
cule containing a metal atom which does not possess 
d-electrons, and, as a rule, is less frequently in- 
volved in complex formation (Al). This information 
will throw light on the question of the nature of the 
chemical bonding in complexes of different metals. 
The most detailed structural studies of internal 
complexes carried out todate have been those on 
copper and nickel salts [4-6]. There is no informa- 
tion available in the literature on the structure of 
aluminum internal complexes; as to chromium salts, 
there is only one report, on the structure of the tri- 
hydrate of potassium dioxalatodiaquo-chromiate [7]. 

We prepared crystals of Cr—AA in the form of 
plates and six-sided violet prisms, by crystalliza- 
tion from chloroform and acetone. Al—AA crystal- 
lized out of benzene in the same forms, but the 
crystals had a light yellow color. 

Goniometer studies of crystals of the two com- 
pounds showed that they were similar; the interfa- 
cial angles for the plates were ~80 and ~100°, and 
for the prisms ~80, ~33, and ~67°. X-ray oscilla- 


tion photographs showed that the crystals had primi- 
tive Bravais lattices and the following unit cell con- 
stants: 


Al-AA: a 14.25 + 0.05; b 7.68 + 0.02; 
GC 16,17 230.03e%, B = 99°22"; 
Cr—AA: a 13.80 + 0.05; b 7.58 + 0.02; 


c 16.44 + 0.03 A, B = 99°30'. 


The densities of AlL-AA and Cr—AA crystals 
were found pycnometrically in an aqueous medium, 
these being 1.30 + 0.03 and 1.39 + 0.01 g/cm’;the 
number of molecules in the unit cell was four. 
Hence, P x-ray =e 2 angi. Oe 27 cm®, respectively. 
The systematic absences on x-ray goniometer photo- 
graphs of zero- and first-layer lines about the b 
axis, and on zero-layer lines about the a axis, es- 
tablished that both compounds had the space group 
C3, — P2,/c. 

The similarity in external form of the crystals, 
the closeness of their unit cell constants, and the 
fact that both belong to the same space group, all 
undoubtedly show that Cr—AA and Al—AA are iso- 
morphous. Isomorphism of complex chromium and 
aluminum compounds has also been established for 
Cr (H,O)gCls and Al (H,O), Cl; [8], in which the metal 
atoms have six-fold coordination, as in both Cr—AA 
and Al—-AA. However, these cases should not be 
taken as analogous, since the Cr and Al atoms in 
the acetylacetonates form valence bonds with oxy- 
gen atoms, while in the hydrates valence bonds are 
not formed. 

The fact that crystals of Cr—AA and Al—AA 
are isomorphous is an indication that they have 
similar structures, belonging to the same struc- 
ture type. Each contains three closed acetylacet- 
one groups, arranged in three mutually perpendicu- 


1 These will be denoted by Cr—AA and Al—AA in the future. 
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TABLE 1. Coordinates of the Metal Atoms 


Al—AA 
XAl ZA] 


Method 


"Difference" Patterson 


projection X = 0,238 Z = 0,232 
Fourier projection = = 0,232 0.220 
Harker section 0.234 0.215 0.234 0,220 
Fourier section for y='4 | 0.237 | 0.220 0.232 | 0.220 


lar planes, with the metal atom shared between 
them at the center. The O—Me-O angle is close 
to 90°. The oxygen atoms form a regular octa- 
hedron around the metal atom. Three of the edges 
of this octahedron are different from the rest, since 
they are formed by oxygen atoms from the same 
acetylacetone ring, while the other nine are made 
up of oxygen atoms belonging to different rings. 

As a consequence of this, the symmetry of the 
octahedron is lowered to L33Iy. Because the mole- 
cule has neither a center nor a plane of symmetry, 
molecular asymmetry arises, leading to formation 
of left- and right-handed octahedra. The com- 
pounds Cr—AA and Al—AA are not optically active 
because the crystals contain a center and a plane of 
symmetry, and there are equal numbers of the two 
enantiomorphic molecules in the unit cell. This 
picture of the structure of the molecule is con- 
firmed by the positioning of the molecules in the 
space group, the n = 4 molecules are distributed in 
general four-fold positions. 

To investigate the structures of the crystals in 
more detail, photographs of the zeroth, first, 
second, and third reciprocal lattice planes were ob- 
tained for rotation about [010], using a KFOR 
camera and CuKg radiation. The reflection inten- 
sities were evaluated visually using a blackening 
chart. To bring all the intensities for a given crys- 
tal to the same scale, x-ray photographs were taken 
about [001] for Cr—AA and about [100] for Al—AA. 
The dead zone was partly filled by reflections ob- 
tained from the last x-ray photographs. This re- 
sulted in 488 reflections of type (hkl) for Cr—AA, 
and 379 reflections for Al—AA. Corrections were 
made for the kinematic and polarization factors. 

The initial task was to determine the coordi- 
nates of the metal atoms. The Patterson projec- 
tions constructed for Cr—AA and Al—AA did not 
correspond completely in their peak positions and 
heights, which made it impossible to fix definitely 
the metal atom coordinates. A "difference'' pro- 
jection showed up one peak, that with the greatest 
height. From this, the x and z coordinates of the 
metal atoms shown in the table were obtained. To 
find the y coordinates, linear Patterson—Harker 
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Fig. 1 


sections P (0, y, %) were calculated [9]; for both 
compounds, y had a value of approximately he 

The x and z coordinates of the metal atoms 
were refined by calculating the plane Patterson— 
Harker sections P(x, ws z). These sections were, 
at the same time, a check on the value obtained for 
y, since, when y © ‘4, the difference in heights of 
the atoms Ay, is equal to 4, which must lead to 
the appearance of an extraneous peak on the section. 
This reasoning was fully confirmed; in the independ- 
ent part of the section, two maxima appeared in- 
stead of one. One of these maxima corresponded to 
the difference Patterson maximum (see Table 1), 
while the other was shifted by 4c. However, if 
either of these, and also the two derived maxima, 
are given the coordinates 2x, 2z, then all the alter- 
native cases are completely identical, and trans- 
form one into the other by choosing the origin of co- 
ordinates at one or another symmetry center of the 
space group. 

After the coordinates of the metal atoms had 
been found, it was then possible to establish the 
structure amplitude signs,using the isomorphous 
replacement method [10]. We were able to find the 
signs for a considerable number of reflections. The 
only signs which were not known were those for re- 
flections in which F (hkl) for Cr—AA and *F(hk1) 
for Al—AA, i.e., those in which the proportion of 
scattering due to the metal atom was close to zero. 
In the case of reflections of general types, because 
YMe = ‘4, there was a further limitation on the fix- 
ing of signs, since here the part of the structure 
amplitude due to the metal atom was reduced to 
zero when k= 1 or 3, and h+l = 2n, and when k = 
2andk+l=2n+1. For these cases, F(hkl) for 
Cr—AA should be equal to F(hkl) for Al—AA, but 
this was not always observed in practice. It ap- 
pears that yMe is not precisely equal to 4, and al- 
so that the coordinates of the atoms in Cr—AA are 
not completely identical to those of the correspond- 
ing atoms in Al—AA. 

To check the system of signs derived, and 
carry the structure determination a stage further, 
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Figs 2 


an (h0l) Fourier projection was calculated (for Cr— 
AA). This projection clearly showed the peaks cor- 
responding to the chromium atom; around this were 
four other maxima of lower height, at the corners 
of a square, these possibly being oxygen atoms, 
since they lay 1.9 A away from the Cr atom (Fig.1). 
The square of O atoms present around the chromi- 
um atom can be interpreted using the molecular 
model, on the assumption that the "four-fold" 
pseudo-axis of the molecules (as we will call the 
direction which would be occupied by the four-fold 
axis in an octahedron of normal symmetry) is di- 
rected along the b axis of the crystal. Then the 
maxima which appear on the projection correspond 
to oxygen atoms lying in the same plane as the 
chromium atom. The region of higher density 
‘marked V apparently corresponds to the acetylacet- 
one ring which also lies in the same plane. These 
results are further evidence that the signs we de- 
rived were correct. 

It appeared that the atoms of this ring would be 
well resolved in a section parallel to the xz plane 
aty=Yyme- To calculate this section, it is neces- 
sary to know the signs of the structure amplitudes 
for hkl -type reflections. To determine those signs 
which were not found by the isomorphous replace- 
ment method, we tried the direct method [11]. For 
comparison we also included here reflections for 
which the signs were already known. These signs 
would need to be confirmed by.the direct method. 
However, as well as the signs which agreed, there 
were also many which did not. Because of this,we 
did not consider that we could use signs obtained by 
the direct method in further calculations. 

Using structure amplitudes for which signs had 
been found by the isomorphous replacement method 
(256 out of 488 for Cr—AA, 140 out of 379 for Al— 
AA), we calculated an electron density section for 
a plane lying parallel to xz and at a height of y = ihe 


The distribution of electron density peaks on this 
section confirmed the results obtained from the 
projection, and allowed us to fix the orientation of 
the molecule more exactly. This orientation does 
not contradict the geometrical conditions for the ar- 
rangement of the molecules, as can be seen from 
Fig. 2. 

It is possible that the results obtained are not 
particularly exact. It appears that the axis of the 
molecule is not precisely parallel to the b axis of 
the unit cell, and the shape of the molecule may dif- 
fer somewhat from that of the regular octahedron 
which we assigned it as a first approximation. The 
structure can be refined after determining the signs 
of all the structure amplitudes through construction 
of three-dimensional syntheses. 

Our investigations have shown that the mole- 
cules of chromium acetylacetonate and aluminum 
acetylacetonate have closely related structures, 
even though the electronic configurations of chromi- 
um and aluminum atoms are different. 

The authors are deeply indebted to Professor 
G.S. Zhdanov for a number of valuable observations. 
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Barium titanate, which has cubic symmetry at 
temperatures above 120°C (class 6/4), is known to 
undergo three phase transitions at lower tempera- 
tures [1]. Within the temperature range 120-5°C, 
BaTiO; has tetragonal symmetry (class 4 * m), be- 
tween +5 and —70°C it has orthorhombic symmetry 
(class 2 - m), and, finally, below —70°C it belongs 
to the trigonal class 3-m. In three of its modifica- 
tions (not the cubic), BaTiO; has ferroelectric 
properties. As a rule, crystals of BaTiO; are synth- 
esized in the cubic modification, and at the tem- 
peratures indicated they splitupinto separate spon- 
taneous polarization regions or domains, in which 
the direction of spontaneous polarization coincides 


with the tetrad, diad, or triad axes, in the tetrag- 
onal, orthorhombic, or trigonal modifications, re- 
spectively. 

Optical studies of the domain structure of 
BaTiO; were of obvious interest, to determine both 
the properties and the relative orientation of the 
domains. For this, we made 16-mm movie films of 
the transitions at 120 and 5°C, ata rate of 24 
frames per second. The observations were made in 
polarized light with crossed Nicols. In the present 
article, we will describe the course of these transi- 
tions, without discussing them in detail. 

Figure 1 shows individual frames of the transi- 
tion from the cubic modification to the tetragonal 


Fig. 1. Movie frames showing the transi- 
tion of a BaTiO3 single crystal from the 
cubic to the tetragonal modification at 


120°C. Xx 6O, 
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modification. (In the frames shown in Fig. 1 and 
Fig. 2, the planes of polarization of the Nicols were 
horizontal and vertical.) The complete transition 
occupied about 6-8 sec. Figure la shows the start 
of the change. The greater part of the crystal is 
cubic, and it is only in the upper right-hand part of 
the frame that the transition to the tetragonal modi- 
fication has begun. The plane of the picture is the 
same as the (100) face of the cubic crystal, so that 
a line toward the upper right-hand part of the fig- 
ure corresponds to the [011] direction in the crys- 
tal, and thus from Fig. la it can be seen that the 
optic axis of the tetragonal modification lies in the 
(100) plane, and the four-fold axis coincides in di- 
rection with the normal to the (001) or (010) face of 
the cubic crystal. In accord with the fact that the 
cubic crystal has two such equivalent directions in 
the (100) plane, Figs. 1b, 1c, and 1d show the for- 
mation of new tetragonal regions as the transition 
proceeds, with their four-fold axes lying along the 
directions (001) and (010). When two tetragonal do- 
mains with mutually perpendicular directions of 
spontaneous polarization meet, they form a boun- 
dary lying at 45° to these directions, i.e. ,along the 
[011] direction of the cubic crystal. The appear- 
ance of these boundaries between domains is par- 
ticularly noticeable in Figs. 1b, lc, andid. In 
the later stages of the transition, the whole crystal 
is broken up into domains, with the boundaries be- 
tween these lying along the <011> directions (see 
Fig. le). 

The movie films of the transition from the 
tetragonal to the orthorhombic form of the crystal 
are shown in Fig. 2 (in Fig. 2 the orientation of the 
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Fig. 2. Movie frames showing the trans~ 
formation of a BaTiOg single crystal from 
the tetragonal to the orthorhombic modi- 
fication, at a temperature of 5°C. x 60. 


crystal is the same as in Fig. 1). Figure 2a shows 
the domain structure of the tetragonal crystal in its 
original state, at a temperature above 45°C. At 
about 45°C, the phase transition begins. It is inter- 
esting to note that the transition is not completed 
simultaneously over the whole crystal, but in sepa- 
rate parts, which each undergo transition as a com- 
plete unit. 

Figures 2b, 2c, 2d, and 2e show the gradual 
transformation of the crystal to the orthorhombic 
modification. From the figure, it can be seen that 
the boundaries of the individual orthorhombic re- 
gions (the dark spots in Fig. 2) lie along the <011> 
directions of the cubic crystal. If a crystal which 
has passed over into the orthorhombic modification 
is rotated between crossed Nicols, it is illuminated 
in positions where the <100> directions of the cubic 
crystal coincide with the direction of vibration in 
one of the Nicols, and the dark regions of the crys- 
tal are seen to split up into smaller regions, the 
domains, the boundaries between which coincide 
with the above directions. From this it follows that 
the directions of spontaneous polarization in the 
orthorhombic modification coincide with <110> di- 
rections in the cubic crystal. 

The authors are grateful to Academician A.V. 
Shubnikov for discussing the results of the present 
investigation. 
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The smoky color of quartz produced by hard 
radiation is associated with impurities [1,2]. In 
1949, it was shown [3,4] at the Institute of Crystal- 
lography, that a layer resistant to radiation -in- 
duced coloration is produced at the anode when a 
current is passed through a plate cut perpendicular 
to the c axis at a high temperature. Some ions (Li, 
Na, K, Cu) can migrate along the structural chan- 
nels inquartz [8-6], which indicated that the ions 
responsible for the color may lie in those channels 
and may be removed by the passage of the current. 
However, this fails to explain some of the observed 
effects, especially why the uncolored layer is not 
displaced in the reverse sense when the potential 
is reversed. It is also unclear why the injection of 
Li or Na ions into these channels does not alter the 
tendency to acquire the smoky color, while the in- 
jection of Fe, Mn, or Cu! will suppress that tend- 
ency. 

Recent EPR studies on smoky quartz [7,8] have 
indicated the structure of these color centers, 
which has led to a reconsideration of views on ionic 
migration. The above effects can now be given a 
satisfactory explanation. 

It has been shown [7] that aluminum may be the 
element responsible for the smoky color, and this 
was confirmed [8] by the synthesis of quartz in the 
presence of aluminum compounds. The Al** ions re- 
place si‘* in the silicon—oxygen tetrahedra [8], and 
the resulting charge defect is assumed to be com- 
pensated by alkali—metal or hydrogen ions. These 
centers are responsible for the localized levels that 
give color centers in response to radiation. 

From this we may deduce that the channels con- 
tain the ions that balance the charge defect, not the 
aluminum ions. Electrolysis then displaces the com- 
pensating ions toward the cathode and the resultant 
excess of oxygen ions toward the anode. The puri- 
fied layer then has an altered oxygen lattice, which 
is why the quartz is no longer colored by irradia- 
tion. 


An alkali—metal salt as anode gradually causes 
the compensating ions to be replaced by alkali— 
metal ones; the lattice is not altered thereby; and 
the crystal may still become colored. Alkali ions 
injected into structurally altered quartz do not re- 
store the sensitivity to radiation; the injected ions 
cannot be bound in the altered lattice and thereby 
produce defects that would give rise to color cen- 
ters. This explains why the boundary of the anode 
layer does not shift when the current is reversed. 

The ions of Mn, Fe, and Cu are less mobile 
than those of the alkali metals, which explains the 
formation of a radiation-resistant layer at the anode. 
The lattice has time to alter in the layer between the 
advancing ions and the compensating ions already 
present, so this layer remains resistant. 

Evidence for the lattice alteration comes also 
from the change in plasticity; the quartz is incapable 
of twinning after electrolysis [10]. 
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A monochromator usually incorporates most of 
the possible ways of adjusting the crystal relative 
to the primary beam, which makes for complex con- 
struction; in addition, the gain in intensity resulting 
from exact adjustment does not balance the loss 
from the inevitable increase in the distances. 

A bent-crystal monochromator usually gives a 
high intensity at the line focus, but it is quite un- 
suitable for use with the type of x-ray camera that 
is collimated to produce a narrow beam. 

A flat-crystal monochromator has been de- 
veloped in the Department of Solid State Physics for 
use with x-ray tubes of the BSV-4 type. This mono- 
chromator is simple and has no more adjustments 
than are really essential; it has a very much re- 
duced distance between tube and crystal, and also 
between crystal and camera. Pentaerythritol has 
given the best results. 

The exposure has been evaluated by using an 
RKD camera with a tube having a copper anode 
operated at 50 kV, 12 mA. A copper wire 0.3 mm 
in diameter was examined with the unfiltered radia- 
tion, witha 0. 02-mm nickel filter inserted, and with the 
monochromator inserted. Patterns comparable in 
sharpness and density were obtained with exposure 
times of 12, 30, and 210 min; but the contrast ob- 
tained with the monochromator was far higher than 
that in the other two cases. The patterns with the 
filter and with the monochromator were also com- 
pared for quality by the use of a large number of 
minerals. The monochromator here required twice 
the exposure time of the filter, and the lines were 
even then somewhat weaker, but the number of lines 
observable was considerably greater than with the 
filter. 

The base of the monochromator (Fig.1) is an 
iron ring A attached to the shield of the BSV-4. This 
ring can be used to define the beams emerging from 
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the tube, since it has four holes to match those in 
the shield. Rectangular slides C tensioned by 
springs D work in horizontal slots in the ring and 
vertical slots in shield B. These slides are simply 
cut from standard printer's leads 0.75 mm, which 
are made from an alloy of lead with 14% antimony 
and a little tin. These are of adequate mechanical 
strength and good x-ray absorption. These slides 
provide any setting from completely open to com- 
pletely closed, and hence a rectangular slot of any 
size within these limits. This provides substantial 
collimation of the primary beam and suppresses 


Fig. 1. The monochromator set up on a 
BSV-4 tube. The monochromator G is 
close to the left-hand window; the middle 
window is open. Slides C, tensioned by 
springs D, form a small rectangular slit, 
A) Iron ring; B) shield; E) cover; F) screw; 
H) rod, 
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Fig. 2. The monochromator (exploded view) with the 
key J used to turn and clamp rod H and stop I. The rod 
has a slot, the crystal being cemented into this; K are 
screws holding rod and stop. 


scattering at the outer parts of the camera. The 
window may also be closed by cover E containing a 
lead disc. Cameras working from adjacent windows 


are mutually screened by shields held by screws F. 


The monochromator G can be set up on any of 
the four windows between ring A and one of the 
shields B; it consists of a rectangular block (Fig. 2) 


drilled with a horizontal hole and having a trans- 
verse oval window to pass the x rays. The hole car- 
ries rod H and stop I. The crystal is cemented in- 
to the slot in the rod by the use of celluloid dis- 
solved in acetone; a thin film of the solution is also 
applied to the crystal to protect it from attack by 
atmospheric water vapor. 

The rod and stop are inserted, which leaves 
two adjustments to be made: the crystal (rod) may 
be moved along, and the rod may be turned around 
its axis. One of the screws K clamps the rod, while 
the other clamps the stop, key J being used to ro- 
tate and clamp the rod. The reflecting plane is 
parallel to the face of the crystal, so these adjust- 
ments are sufficient to give a strong reflected beam, 
which is readily seen on the usual fluorescent 
screen in a slightly darkened room. The primary 
beam is defined by adjusting the slides when the 
crystal has been set up in this way; the exit slit for 
the reflected beam is also closed down as far as 
possible. 
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